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Examination Summary of Amendments
Comments by Associate Professor Paolo Trevisi
Examination Outcome: Accept with Minor Corrections
General Comments
Chaper 1: Review of the Literature
This section is well written and logically organized and with a satisfactory anal-
yses of the literature. From my point of view, even if there are many published
trials that use a challenge model in pigs, it would be useful to deeply discuss the
experimental design described in the literature to stimulate the occurence of the
PWD in piglets, in order to well justify the modul used in the experimental section
and its application (dosage, parameters of responses, confirmation of susceptibil-
ity, etc). As mentioned in the section 2.4.3 “Limitations of disease challenge
models are the between animal variability such as susceptibility to pathogen...”.
What is the best strategy to manage this variability inside the experiments?
What is the rational to use live ETEC instead of LPS model? Reading the the-
sis, I understood, from Chapter 3.1, that author decided to use the live ETEC to
reproduce rearing conditions, in which the effect of the pathogen is due not only
from the LPS detection from the local immune system but the adhesion of ETEC
on the specific receptios expressed on the brush border memberate, to provoke
the production of toxins.
Experimental section
A general consideration is that in the all the trials, were used as appropriate
number of animals and the statistical approach is well done.
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The trial described in the Experimental section are quite similar for the definition
of Trp and SAA requirements under inflammation. First of all, were designed spe-
cific trials to disclose the amino acids requirements applying an infection model,
and subsequently the most effective dosage was used in a performance trial per-
formed in a commercial condition in order to verify if the defined requriements
are able to reduce the inflammatory process that occurs during the weaning.
Experiment 1 Part A
As reported by Miss Capozzalo, the aim of this trial was to disclose the effect
of Trp:Lys over the NRC recommendation to reduce the inflammation due by
ETEC infection. The idea is well designed and the diets were well differentiated
for the Trp:Lys ratio even if the analysed Lys level was higher than expercted.
Model: The infection model seems to be slightly effective. The values in the
challenged groups were not very high and this can explain the lack of differences
in the growth performances. Moreover, the consideration about the cited work of
Trevisi et al (2009) should be evaluated considering the mortality oberserved in
their trial (ths consideration is applicable also to the other chapters of the thesis).
It is well known that the susceptibility against Escherichia coli K88 (ETEC) is
characterized by a different degree for the presence of specific receptors expressed
on the intestinal brush border membrane (number of ETEC able to adhere on the
intestinal mucosa). Maybe, a post-mortem evaluation of the presence of specific
receptors would help stratify the animals for the ETEC susceptibility helping to
better disentangle the effect of different ratio Trp:Lys.
Diet: During the discussion the candidate did not consider the mismatch between
the estimated Trp:Lys ratio and the analytical value that were higher (0.17 vs
0.16; 0.22 vs 0.20 and 0.26 vs 0.24, respectively). The true value should be
reported also in the tables in order to consider the results under the light of the
correct Trp:Lys ratio.
Experiment 1 Part B
The purpose of this study was the evaluate if in two extreme conditions the Trp
requirement is affected. Unfortunately, ETEC resistance to the used antibiotic
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and the lack of effect of ZnO reduce the effectivemenss of the experimental model.
The positive point is the critical approach of the candidate to understand the
results and the final finding of the occurred problems (the antibiotic resistant
ETEC). Moreover, from this experience, the candidate learned the importance
to check the susceptibility of the bacterial strain, used in the model, against
the antimicrobials. The markers and the laborartory techniques are congruent
with the experimental design and the objective of the trial. From my point of
view, even in this trial, the response against ETEC infection is not clear and the
individual variability of the susceptibility could be a possible explanation.
Experiment 2
The Experiment 2 was designed to confirm the findings obtatined in the two
previous trials. In this case, the commercial situation take place of the ETEC
infection. The complexity to organise and manage a trial with six treatments in
a commercial situation is evident. The candidate demonstrated a proper organi-
sation skills and the results confirm the previous findings.
Experiment 3 Part A and B
In the Experiment 3 Part A, six levels of SAA were tested with or without
antimicrobials. The candidate show a critical view of her data, exluding one
replicate from the paper due to the occured problems. The detection of the
salmonella and the analysis to reveal the antibiotic resistance, confirms the quality
of the approach of the candidate, and her critical analyses of the results. The
same approach was maintianed in the Part B, where a problem between different
batches of the diet was detected and the decision to exclude half of the data is
shareable. As highlighted from the candidate, this posed problem for the statisical
power. Moreover, the low rate of response from the pigs to ETEC infection, did
not allow to completely confirm the hypothesis.
Experiment 4
In the Experiment 4 were tested different SAA:Lys ratio in ETEC challenged pigs
but without the differentiation of the group for the inclusion of antimicrobials.
In this trial, the approach on the ETEC challenge model was changed, probably
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to avoid the ineffectiveness of the infection previously observed. Here the pigs
were selected on the based of the MUC4 genetic marker proposed by Jensen
et al (2009). As expected, the infection was very effective and the diarrhoea
occured 24 hours after challenge. Anyway, the overlapping infection with ETEC
F18 and the exposure to F4 before the infection, constitute a confounding factor
that reduced the effectiveness of the model. Anyway, thanks to the studied
parameters, the data disclose a positive effect of ratio of SAA:Lys above NRC
requirements, confirming that also SAA play a key role to support the immune
response. Moreover, these findings were confirmed also in the Experiment 5 under
commercial conditions.
Experiment 6
The last step of this thesis aims to join the knowledge acquired during the pre-
vious chapters. In order to confirm the oppurtunity to revise the Trp and SAA
requirements in stressed pigs. Supported from the results obtained using proper
analytical parameters, the candidate supports the original hypothesis of the PhD
thesis highlighting a possible interaction between different amino acids that from
one side support the immune response and from the other hand supports growth
of pigs under immunostimulant conditions.
Concluding Remarks
The presented thesis clearly show the scientific maturity of the candidate. In
my opinion, in animal nutrition science field, before to be able to manage the
analytical tools, is very important the ability to manage and practically organize
the in vivo trials in order to collect the raw data and samples in a proper way.
The presented PhD thesis is composed of 8 trials performed in two different
conditions, experimental facility and on field conditions. The effort profuse from
Miss Capozzalo in terms of time, organization and management of the in vivo
trials is evident. Moreover, as already highlighted above, the candidate was able
to detect and manage different problems during in vivo phases, demonstrating a
critical vision, and reducing, where necessary, the sample size. This approach is
mandatory when the results of a trial are the base to set up further steps of the
research. Moverover, in the new view to reduce the use of antibiotic compounds
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in livestock animals, the candidate has applied the challenge model based on a
pathogen infection, understood the critical points and the need to standardize the
experimental conditions in order to reduce the confounding factors that affects
this complex experiemental protocol. The proper set up and management of the
model (starting from the selection of the animals) is a key point in order to mime
the on field conditions, but as reported in the general conclusion (in a positive
critical vision of her work) the experimental model based on ETEC infection must
be refined t obe most effective in future studies.
In addition to the previous comments, the candidate demonstrated the ability
to manage different analytical tools, statistical approaches, that is mandatory
characteristic for the new generation of scientist involved in the animal nutrition
science.
In the general discussion the proposer provides a detailed picture on the logical
development of her thesis and critically analyses the obtained results. The pro-
posed objectives are achieved. The candidate confirms the hyptothesis that the
optimization of the amino acids supplementation with the diet can limit the detri-
mental effect of environmental pathogen, maintaining the growth performance,
even in the absence of antimicrobial compounds added in the diet.
The presented findings support the needs to revise the Trp and SAA requirements
above the NRC recommendations when the immune system is activated and in a
situation of low antibiotic use. These findings open new perspective for sustain-
ability of the Australian pig production system. Another positive point is that
the candidate has already published, in peer review journal, an as first author,
some of the trials presented in this PhD thesis. Moreover, the data were pre-
sented during international conferences. Confirming again the scientific maturity
of the candidate.
Finally, I give my positive indication to suggest the candidate for the Degree of
Doctor of Philosophy.
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List of Minor Amendments
Old New Comment Response
P69 L6 L69 L6 Please add a space “for an” Amended
P69 L8 P69 L8 Please modify as follows “... optimal SID
Trp:Lys”
Amended
P140 L16 P140 L18 “... normal body function” Amended
P157 L17 P57 L11 Please modify as follows “... second repli-
cate three pigs...”
Amended
P224 L13 P224 L13 Please revise the sentence “... broken line
to obtain optima of 0.71,...”
Amended
P236 P236 L1 I highlight a possible mistake in the title
of Chapter 7 - Experiment 5 (replicated
also in the “Content” section). Following
the logical sequence of the presented tri-
als, could be possible that the mistake is
limited to the title of the work and that
the chapter describe the proper trial
Amended
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Comments by Professor C. M. Nyachoti
Examination Outcome: Accept with Major and Minor Corrections
General Comments
Miss Meeka Capozzalo’s dissetation represents a significant amount of work in-
volving several animal experiments. Although not all experiments worked as
anticipated, the disseration does contain a number of novel observations that
demonstrate that the candidate has made a significant contribution to science
and therefore deserves to be awarded the degree of Doctor of Philosophy.
A central theme for the author’s research is that the optimal SID Trp:Lys and
SID SAA:Lys ratios are higher for weaned pigs subjected to an immunological
challenge. A disease challenge model and commercial production conditions were
used to induce the immunological challenge. Clearly both models presented sig-
nificant challenges in effectively addressing the study objectives. This raises the
folloing concerns.
• Given the issues identified in the literature review regarding disease chal-
lenge models, what efforts did the author make to improve the likelihood
of the challenge model working in subsequent experiments? If no attempts
were made, this needs to be explained.
• The assumption that commercial productions conditions always cause an
immunological challenge in weaned pigs is questionable and the results ob-
tained in this dissertaion seem to support this position. Whereas it may
have been difficult to do anything to enhance the challenge conditions in
the commercial setting, an attempt to charaterize the prevailing conditions
on the facilities used would have been helpful in providing a more definitive
discussion of the observations obtained in the studies.
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• In various parts of the thesis, the author discusses the results in a manner
that assumes that the disease model caused the expected inflammatory ef-
fects when actually this was not the case. This leads to another problem -
i.e. discussion non-significant differences in the data as it they were differ-
ent!
I do not get the sense that the subsequent experiments (assuming that studies
in earlier chapters were done first) were informed by the outcomes of those done
early in the program as little reference is made in the discussion section to link
the various studies in the thesis.
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General and Specific Comments
Comment Response
Given the issues identified in the liter-
ature review regarding disease challenge
models, what efforts did the author make
to improve the likelihood of the chal-
lenge model working in subsequent ex-
periments? If no attemps were made this
needs to be explained
Thank you for this comment. This has
now been included in the General Dis-
cussion
The assumption that commercial pro-
ductions conditions always cause an im-
munological challenge in weaned pigs is
questionable and the results obtained in
this dissertaion seem to support this po-
sition. Whereas it may have been diffi-
cult to do anything to enhance the chal-
lenge conditions in the commercial set-
ting, an attempt to charaterize the pre-
vailing conditions on the facilities used
would have been helpful in providing a
more definitive discussion of the obser-
vations obtained in the studies.
Thank you for this comment, indeed
good management practice minimises
the stress of weaning. However, and as
evident by the drop in production perfor-
mance, the weaning process is still stress-
ful. Furthermore, studies have shown
that stress triggers an immunological re-
sponse (as mentioned in the literature re-
view). The commercial experiments con-
ducted were aimed to test if the findings
from intensive studies would be mirrored
in commercial reality.
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In various parts of the thesis, the author
discusses the results in a manner that
assumes that the disease model caused
the expected inflammatory effects when
actually this was not the case. This leads
to another problem - i.e. discussion non-
significant differences in the data as it
they were different!
Indeed, I did assume that the ETEC
model caused the inflammatory effects
observed. If it was not as a direct re-
sult of our ETEC model it was likely
due to another stressor associated with
weaning so I still believe that we are test-
ing the greater hypothesis; that the im-
mune stress and inflammation associated
with weaning may increase the require-
ments of SAA and Trp in weaner pigs.
In terms of discussion of non-significant
results, I’m not sure to which results the
reviewer is referring to. All results dis-
cussed, I believe, are either differences or
trends as defined in the statistical por-
tion of the materials and methods (i.e.
P<0.05 is a different and 0.10>P>0.05
a trend).
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I do not get the sense that the subse-
quent experiments (assuming that stud-
ies in earlier chapters were done first)
were informed by the outcomes of those
done early in the program as little refer-
ence is made in the discussion section to
link the various studies in the thesis.
Thank you for this comment. Indeed
the presentation of experiments was not
chronological. The order of chapters
within the thesis was ordered by the fo-
cus amino acid. Furthermore, this thesis
is presented as a “by publication” for-
mat wherein each chapter was written
in preparation for sumission to a peer-
reviewed journal. As such, discussions
integrating other part of the thesis were
limited to only refer to other Chapters if
they had been published. Integration of
chapters was conducted in the General
Discussion.
Chaper 2
Although this covers the key issues rel-
ative to the research goals, it contains
a lot more language issues the author
should clear up
Amended throughout thesis as appropri-
ate
Although “knowledge gaps” are identi-
fied within the body of the review, these
should be clearly listed at the end of
the review. The “Conclusions” reached
are not relevant to the literature review.
The author should perhaps include a
specific section on the hypothesis and
thesis objectives
Thank you for your comments however I
believe that it is unneccesary to list the
“knowledge gaps” as the knowledge gaps
are covered in my hypothesis. Further-
more, the objectives are clearly stated
for each experiment.
Chapter 3
xii
It needs to be made clear whether or not
Parts A and B of Experiment 1 were in-
dependent of each other or it was one
experiment split in 2 based on the re-
sponse criteria analyzed. If they were
indeed, independed experiments, the au-
ther needs to explain how Part A in-
formed the design of Part B, given the
problems experienced with the challenge
model in Part A
Amended. This is now clarified within
the introduction to Chapter 3.
Much of the discussion section for Part
B is, in my opinion not appropriate be-
cause for the most part it is not sup-
ported by the data obtained. For ex-
ample, the argument that “pigs were
suffering from a moderate inflammatory
response” cannot be justified based on
the fact your haptoglobin levels were nu-
merically higher than those of Kim et
al (2011) unless you are assuming that
Kim’s values are reference values.
Thank you for the comments. However,
as Kim et al (2011)’s work was simi-
lar in protein level (low protein fortified
with amino acids) and also used the same
model of infection and genotype of pigs,
I think it is appropriate to use them as
reference values.
Furthermore, the argument regarding
the effect of Trp on ASG in pigs not fed
AMC is not true for d 3.
Amended.
xiii
I question the appropriateness of the dis-
cussion on “Markers of Protein and Trp
Metabolism” whereby the author is com-
paring observed with those in the litera-
ture. I believe that responses such as PU
are unique to experiments and do not of-
fer any useful information by comparing
with other studies unless dietary condi-
tions were identical
Thank you for this comment however I
disagree. Kim et al (2011) used low pro-
tein diets (fortified with amino acids)
that met the needs according to NRC
(2012), a similar model of infection and
the same genotype of pigs. Therefore I
think that the PUN can be compared es-
pecially as excess amino acids would in-
crease PUN.
Trp only decreased intestinal APN on d
11 and not on d 4. Please clarify
Revised
Please double check the discussion on the
effect of Trp on villus height as this is not
supported by the data reported in Table
3B.8.
Revised
In section 3.3.6.6 it indicated that a sam-
ple size of 28 is small, which is find puz-
zling. What size does the author think
is sufficient?
To clarify, the n=28 refers to total n,
and as a result n per treatment was 7.
It is well known that production perfor-
mance after weaning is highly variable.
When testing the response to Trp on pro-
duction performance, a sample size of at
least 12 was calculated as was used in
Chapter 3 Part A. If the second repli-
cate had been able to be used, the n per
treatment would have been 14.
In the summary, did you really have the
infection that you talk of?
I believe that there was indeed an infec-
tion as demonstrated by the deteriora-
tion of faecal consistency after the in-
fection with ETEC compared with the
pre-infection period (i.e. d 3).
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Chapter 4
What do you mean by “c-reactive pro-
tein (C-RP) showed a strong trend”?
It was a trend (P=0.063), not a statisti-
cal difference (P<0.05). Nevertheless it
was important to emphasis this effect.
The hypothesis tested in this experi-
ment assumed that commercial produc-
tion conditions will trigger an immuno-
logical response. While this might be
generally the case, I will agrue that
it varies with management and hygien-
e/health standards maintained at the
farm. It is not clear whether the au-
thor did anything to ascertain that the
selected farm was suitable for testing the
stated hypothesis
I agree with the reviewers comments
that health status on commercial facil-
ities is dependent on management prac-
tice. However, it was not possible to con-
duct an examination of the “health sta-
tus” of the selected farm.
A major limitation of this study, as ac-
knowledged by the author, is that diets
contained zinc oxide and organic acids.
Was this by design or did the farm need
to have these additives in the diet?
This was a stipulation enforced by the
farm. Ideally, we would have like to have
at least removed zinc oxide from the diet.
Resolve the publication date for Simon-
giovanni et al - is it 2010 or 2011?
Amended
I think that it is fair to simply acknowl-
edge that there was no inflammation in
this case rather than trying to claim that
there was “minimal infection”, which
you can’t really demonstrate
I disagree with this comment as I believe
you could not prove that there was ab-
solutely no inflammation.
Chapter 5 Part A
xv
It is unfortunate that the second block
had to be excluded. For sake of clarity
please indicate in all tables the sample
size that the mean values are based on
I have included this in the Materials and
Methods section as I believe that if I in-
clude this in the tables, it will further
complicate already complicated tables.
The statement that “... inclusion of
AMC in the diet of weaner pigs improved
production performance” does not seem
accurate based on data presented in Ta-
ble 5A.4
Amended throughout
In section 5.2.6.4 it is stated that “...
pigs fed AMC having lower immune chal-
lenge and having greater growth than
pigs not fed AMC” but a closer look at
data in Table 5A.4 will seem to suggest
the opposite effect - i.e. pigs not fed
AMC grew better. Please resolve.
This has been resolved.
Consider including a concluing state-
ment
Thank you for this comment. I did not
include a concluding statement as it re-
ally felt wrong to conclude anything from
this data set as it was so compromised.
Chapter 5 Part B
xvi
I find this to be the weakest part of the
whole thesis. It needs to be clarified
whether the animals used here were the
same as used in Part A. If they were
not, it is not clear why use the same di-
ets that were not fomulated properly. If
they were, it is not clear why the author
chose to subdivide the sample size that
was small already to generate data that
is likely to be less meaningful. Please
clarify.
I completely agree with the reviewer and
this part of the thesis was by far the
least conclusive chapter in my opinion as
well. As with Chapter 3, the two parts
of Chapter 5 were the same experiment
but separated by the response criteria.
I have added a sentence in the general
introduction to this chapter accordingly.
Again, it is important to accept that
there was no inflammation in this study
rather than arguing the differences were
lacking among treatments because they
had similar effects (see section 5.3.6.3).
I respectfully disagree, as you cannot
prove that there was absolutely “no in-
flammation”. Furthermore, the signifi-
cant increase in ASG from d 4 to d 11 to
me, indicates that there was an inflam-
matory response.
Chapter 6
This is general well written Thank you for these kind words
In the Discussion second paragraph, at
one point you state that your findings
were similar to those of your previous
studies and yet later you claim differ-
ences. This needs to be resolved.
I am not sure what the reviewer is refer-
ring to as I have not referenced my own
work in this chapter
Because you did not have a positive con-
trol, can you confidently claim that not
having AMC compounds in the diet may
enhance SID SAA:Lys requirements?
No. The sentence that I believe that the
reviewer is referring to is constructed so
as to specifically state the conditions un-
der which pigs may require higher than
recommended levels as opposed to ab-
sence of AMC enhancing SID SAA:Lys.
xvii
Chapter 7, 8 and 9
Resolve the discrepancy in the title and
summary text
Amended
In Chapter 7, how did you chose sam-
pling times
The sampling time for this study was
chosen to target the adaptive (recovery)
phase of weaning. This was chosen be-
cause I wanted to examine if pigs fed
SAA would better recover from the stres-
sors of weaning when fed higher amounts
of SAA.
In Chapter 8 what is the relationship be-
tween this study and those completed in
the thesis thus far? How did the work
completed in the thesis already inform
the experimental design for this study?
Furthermore, what is the basis for the
hypothesis you tested in this study?
The relationship used values that were
identified as “optimum” in previous
work done within this thesis. In order
to improve upon previous designs, the
bleeding schdeule was changed to bet-
ter targer the acute and adaptive phases.
Furthermore, the pigs selected for blood
sampling were standardised according to
clinical expression of PWD. The experi-
mental design was further refined as the
analysed measurements in blood were
targeted towards responses to Trp and
SAA (ie IFN-γ and albumin).
In Table 8.2, the top values should be
“Calculated” and not “Corrected”
I disagree, the levels on the top of this
table are indeed the average“Corrected
values” and should remain so as to better
compare tables within this Chapter.
xviii
The failure to determine the optimum
Trp:Lys level is intriguing. What does
the author think is responsible for this
lack of “break-point”? Is that the opti-
mum levels is beyond the levels tested?
I do not know that mechanisms behind
this phenomenon and could not specu-
late as to how or why was what we ob-
served. However, I am convinced that
the optimum does not lie beyond 0.253
SID Trp:Lys because, despite feed intake
being greatest in pigs fed this ratio, this
was not translated to better growth and,
in turn, worsened FCR.
Does the author really think that the
measurements used may not have been
sensitive enough to pick up a true differ-
ence? Which other measurement could
you have determined?
Thank you for this comment. Yes I do
agree, I think that at the time of weaning
the variablity of immune response is very
great as each pig will respond differently.
I think using an index will help to detect
these differences.
You indicate that the use of APP In-
dex is a better measurement than single
measurements. Is this solely based on
the fact that this measurement gave you
differences whereas single measurements
did not?
No, this is also based on the detec-
tion probability being greater when more
than one APP is used to determine in-
flammatory status as described by Hee-
gaard et al (2011).
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Comments by Professor J. V. O’ Doherty
Examination Outcome: Accept with Major and Minor Corrections
General Comments
In recent times there has been a considerate intensification of the livestock in-
dustry resulting in higher growth rates, increased stocking density and larger
production units. This increased pressure on production has resulted in an in-
crease in the use of antimicrobial growth promotors to improve performance and
(or) health. Over the years, a considerable amount of antibiotic growth promot-
ers have been routinely added to weaner pig feed in order to reduce the incidence
of post weaning diarrhoea and increase the weaner pig performance. However ac-
cording to The World Health Organization, the use of growth promoters should
be reduced so that antibiotics are mainly used for therapuetic purposes. The
descision has put new emphasis on management and dietary formulations as a
means of controlling enteric bacterial infections in farm animals. This is the basis
of the current thesis. The overall hypothesis is that additional supplementation
of tryptophan and sulphur amino acids will improve production performance and
reduce inflammation by mediating the immune response in weaner pigs particu-
larly under E. coli infections and in the absences of in-feed antibiotics. This area
of research is novel and appropriate for current animal production systems.
This thesis begins with a substantial literature review that explores the gastroin-
testinal tract and how it adapts to weaning. The rest of the review deals very
effectively with the relevant background to the subject (gut microbiology, factors
affecting post-weaning diarrhoea (PWD), immunity, amino acids, tryptophan and
sulphur amino acid requirements and the candidate shows a good understand-
ing of the issues and mechanisms involved. A series of performance experiments
are then reported, firstly dealing with tryptophan requirements and then sul-
phur amino acid requirements. All chapters deal with ETEC colonization of the
gastrointestinal tract, the frequency and severity of PWD, various immune mark-
ers and weaner pig performance under clean, commercial and unhygenic (ETEC
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challenge) conditions. All the experimental chapters have a very clear hypothesis
and objectives.
The overall aim of Chapter 3 (Part A) was to examine whether incorporating
higher than recommended NRC (2012) levels of tryptophan into a weaner diet
without antibiotic growth promoters would impove indices associated with in-
flammation and the immune response following infection with ETEC and would
it influence the frequency and duration of PWD, and have beneficial effects on pro-
duction. The experiment is well designed and described and the approach taken
to analysis of results is good. The experiment is also well discussed, However,
this chapter is hampered by the poor biological effects of the ETEC challenge.
Chapter 3 (Part B) was conducted to test the hypothesis that supplementing
diets with higher levels of SID Trp:Lys will improve markers of inflammation,
small intestine integrity and health and production traits, following infection with
ETEC. The experiment is well designed and described and the approach taken to
analysis of results is good. The present study found that there was no difference
in either faecal consistency or faecal shedding of ETEC between treatment groups
and the lack of difference was more likely due to the experimental model failing
to induce PWD rather than inclusion of in-feed antibiotics failing to protect the
negative control pigs from PWD. The experiment is also well discussed. One
paper from this work has been submitted to Animal Production Science.
Chapter 4 determined the optimum SID Trp:Lys ratio and examined whether
supplementation of a higher ratio of SID Trp:Lys can assist in amerliorating
the post-weaning growth check in commercial conditions. The experiment is well
designed and described and the approach taken to analysis of results is good. The
experiment is also well discussed, One paper from this work will be submittedc
for publication.
Chapter 5 aimed to determine if higher levels of sulphur amino acids (SAA) in
the diet of weaner pigs could yield a similar production performance, indicators
of immune function and indices of protein/amino acid utilisation as pigs provided
in feed antibiotics. However, the analysis of diets revealed diets fed to pigs in
xxi
the second replicate had SID SAA:Lys far above that of the first replicate of
pigs. As a result, the data from the second replicate of pigs was not used in
the statistical analysis, reducing the statistical power of this experiment. This
would have reduced the statistical significance of this experiment. Otherwise, the
experiment is well designed and described and the approach taken to analysis of
results is good. The experiment is also well discussed.
Chapter 5 (Part B) examined if higher levels of SAA in pigs diets would have
beneficial effects in the adaptive phase of weaning in production, inflammation,
structure and function of the gastrointestinal tract following infection ETEC.
However, this experiment was also affected by the analysis of the diets. Again,
the data from the second replicate of pigs was therefore not used in the statistical
analysis, reducing the statistical power of the experiment. This chapter is also
hampered by the poor biological effect of the ETEC challenge.
The hypothesis of Chapter 6 was that, relative to Lys, the needs for SAA are
increased under conditions of a pathonegenic ETEC after weaning, and that the
negative effects of the inflammation of the pig productivity can be elimated when
the dietary SAA:Lys is increased. The experiment is well discussed. This work
has been accepted for publication in Journal of Animal Science and is a very nice
publication.
Chapter 7 determined the optimum SID SAA:Lys for production indices for com-
mercially housed pigs in the post-weaning period. The experiment is well de-
signed and described and the approach taken to the analysis of results is good.
The experiment is also well discussed. This work has been submitted to Animal
Production Science and I see no reason why this will be published.
Chapter 8 examined whether incorporating Trp:Lys and (or) SAA:Lys than rec-
ommended elvels into a weaner diet will have benficial effects on the production
performance, indices inflammation and indicators of immune system stimulation
following infection with E. coli. The experiment is also weel discussed. This work
ahs been submitted to Animal Production and I see no reason why it will not
be published. I would have liked to have seen some discussion on the lack of
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relationship between faecal scores and immune markers. The pigs were selected
on this basis of faecal scores and it had no effect on any marker exmined.
Chapter 8 is an overall Discussion. The candidate demonstrates expertise in a
range of research skills from animal husbandry, mircobiology, molecular biology
and statistics. The practical, technical and statistical effort that lies behind all
these chapters is clearly very substantial and the presentation of the thesis is of a
good standard. In the General Discussion, the candidate disucssed the weakness
in the thesis and I totally agree with this. However I would like to see more
discussion on the weakness in Chapter 8
• Throughout the thesis, the experimental entertoxigenic E. coli model was
very inconsistent in inducing PWD and I would like more discussion on this
variability and why it was so inconsistent in both the thesis and elsewhere.
• There was also a lot of variability in the responses achieved in both the
immune and nutritional markers between various chapters. I would like to
see some discussion on these markers and especially on the variability that
was seen between experiments.
• I would like to see some discussion on the diet analysis. This thesis was
hampered in two chapters due to analysis of diets. How did this happen,
was this a simple mistake or was it affected by ingredients used.
All of these weaknesses if discussed will be of value to future researchers.
This thesis displays clear evidence of originality and scholarship. The candidate
demonstrates the capacity for independent analysis and critical thought and this
thesis will make a significant and distinctive contribution to pig health, welfare
and food safety in the coming years. The thesis has been clearly, accurately and
cogntnly written and is suitably illustrated and documented.
I have no hesistation in recommending that the candidate be awarded the PhD
degree with minor and major Amendments.
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General Response
Thank you for taking the time to conduct such an extensive review of my thesis.
I have taken on board your comments and revisions. As such I have rewritten
parts of my General Discussion to reflect your concerns and hope that these
amendments are to you statisfaction.
xxiv
Major Amendments
Comment Response
Throughout the thesis, the experimental
entertoxigenic E. coli model was very in-
consistent in inducing PWD and I would
like more discussion on this variability
and why it was so inconsistent in both
the thesis and elsewhere.
This is now a part of the General Dis-
cussion
There was also a lot of variability in the
responses achieved in both the immune
and nutritional markers between various
chapters. I would like to see some dis-
cussion on these markers and especially
on the variability that was seen between
experiments.
This is now within the General Discus-
sion
I would like to see some discussion on the
diet analysis. This thesis was hampered
in two chapters due to analysis of diets.
How did this happen, was this a simple
mistake or was it affected by ingredients
used.
This is now discussed within the Chapter
5A and 5B.
xxv
Throughout the thesis referencing is in-
correct in numerous places and the whole
thesis needs to be rechecked. This may
be just as a result of Endnote but needs
to be changed. The candidate states, for
example “(de Ridder et al. 2012) sug-
gested an increase of 7% dietary Trp... “.
This needs to be written as “de Ridder
et al (2012) suggested... “ This kind of
referencing came up in numerous places
and the candidate needs to check the ref-
erences throughout the thesis
Amended
I would prefer to see main effects pre-
sented or give values in text for main ef-
fects when there is no interaction. All
tables in this thesis are presented as in-
teraction tables despite having no inter-
actions in most cases. I would like to see
main effect values presented in the text
at least
Thank you for this comment, however I
believe that in all cases where an inter-
action effect was examined, the main ef-
fects were also presented.
In the experimental chapters was litter of
origin taken into account when blocking.
No, as all pigs were commecially sourced
from different farms, it was logistically
difficult to trace piglets back to the litter
of origin.
In the experimental chapters, was the
data checked for normal distribution, if
so how.
Yes, all data was checked for normal dis-
tribution prior to analysis using SPSS to
examine kurtosis and skew.
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P2 misspelling of hypothesis Amended
P13 P2 L21 misspelling of physical (sec-
ond last line)
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P14 P13 L27 first sentence in adaptive
immunity is difficult to un-
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P17 P14 L17 Third paragraph line 3,
haptoglobin acts by binding
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P19 P19 L20 Third paragraph line 2.
Rewrite
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P23 P23 Second paragraph a num-
ber of spelling and grammar
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P24 P24 Last paragraph a number of
mistakes
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P25 P25 Last paragraph, a number
of mistakes
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P29 P29 First and second para-
graphs number of grammar
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P33 P33 L2 Rewrite first sentence Amended
P51 P51 L1 Rewrite first sentence Amended
P53 P53 L2 Rewrite first sentence. Dif-
ficult to understand
Amended
P53 P53 L18 P ! 0.05 Amended
xxvii
P57 P57 L11 First paragraph line 4, what
does regularly mean
Amended
P62 P62 L1 Rewrite first sentence. Dif-
ficult to understand
Amended
P62 P62 L25 P ! 0.05 Amended
P78 P78 L24 Last paragraph, third line
rewrite
Amended
P85 P85 L1 Why did you chose only the
jejunum for brush border
peptidase activity and the
ileum for gene expression
Economically, only one
sampling point could be
taken and analysed. Thus
the jejunum was chosen as
it was the midpoint and as
such would give “average”
or “median” indication of
peptidase activity throught
the small intestine. The
ileum was chosen as it is the
end of the small intestine
and as such is the end result
of the processes occuring
up-stream.
P85 P85 L6 Why did you chose the
ileum for morphology
Again, for economic rea-
sons, only one sampling
point could be taken from
the small intestine. The
ileum was chosen as it is the
end of the small intestine
and as such is the end re-
sult of the processes occur-
ing up-stream
xxviii
P103 P103 L4 The summary needs to be
toned down reflecting the
results received
Thank you for this com-
ment however, I disagree. I
believe that the summary
of the results and discus-
sion is an accurate reflection
and does not overstate the
importance of the findings.
The summary was carefully
worded with such phrasing
as “may indicate” to sig-
nify that absolute conclu-
sions are not being drawn
from the results.
P116 P116 L1 First sentence. Rewrite as
it does not make sense
Thank you for this com-
ment, however I find that
this sentence makes sense as
is.
P120 P120 L7 Second paragraph. Pen is
the experimental unit, not
pig. This needs to be rean-
alyzed
Thank you for this com-
ment, however I believe it
is statistically correct to use
pig as the experimental unit
as the C-RP was measured
on a pig, not pen (pooled)
basis. Furthemore, with the
nature of C-RP response to
inflammation by averaging
the C-RP over the pen, then
averaging the pens by treat-
ment, the effect of Trp on
C-RP may be muted.
xxix
P140 P140 Conclusion to abstract re-
quired
I am hesitant to conclude
anything from this data set
due to it being so compro-
mised.
P147 P147 L7 Second paragraph. Statis-
tical analysis. Rewrite first
sentence
Amended
P151 P151 L6 This paragraph has been de-
scribed as if an interaction
was present “Pigs fed 0.70
SID SAA:Lys and AMC in
the diet tended to have
better feed conversion than
pigs fed the same level ...”
In this instance, I disagree
with the reviewer as there is
an interaction trend which
I believe is reflected in this
sentence
P158 P158 L7 Assessment of infection
paragraph, sentence start-
ing with “In congruency
with this, the present study
found that... “ makes no
sense
Amended
P158 P158 L23 5th last line Rewrite Amended
P169 P169 L6 Experimental design n = 14
does not make sense
Amended
P174 P174 L9 Why was the jejunum only
chosed
Economically, only one
sampling point could be
taken and analysed. Thus
the jejunum was chosen as
it was the midpoint
Ch 6 P208 What were mortality rates This is now on p 208
xxx
P218 P218 L10 Second paragraph; Check
these values. There is dis-
crepancy here between re-
sults and abstract
Thank you for this comment
however I have rechecked
this and I do not see a dis-
crepancy
P224 P224 L15 Second paragraph third
line, What do these values
represent
I have changed the sentence
and hopefully this reads eas-
ier now
P227 P227 L9 Second paragraph line 3
misspelling of requirements
Amended
P236 P236 Title is wrong Amended
P245 P245 Rewrite first paragraph
third line
Amended
P252 P252 Summary. I do not agree
with your comment on FCR
requirement for SAA. It
needs to be toned down
Amended
P259 P259 L24 Last 5 lines do not make
sense. Rewrite
Amended
xxxi
P265 P265 ”Clinical signs of PWD were
not used as a factor as it was
not significant (P > 0.05)
for plasma cytokines, im-
mune blood cells counts or
APP.” This sentence needs
to be discussed in the dis-
cussion. Practically this is
a lot of implications. This
also needs to be discussed in
the general discussion
Thank you for this com-
ment, however I disagree
that this should be dis-
cussed in either dicussion.
It is well documented that
inflammation (as measured
by acute phase proteins)
can be present without
clinical signs of disease
(subclinical)(Heegaard et al
2011). Any discussion con-
erning this would be spec-
ulative and not within the
scope (effect of SAA and
Trp on inflammation and/or
PWD) of this thesis.
P272 P272 Blood markers. This needs
to be described in the mate-
rials and methods
I believe that this is accu-
rately described in the Ma-
terials and Methods already
P290 P290 This is written as if there
was an interaction present
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the APP Index discussion,
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tion effect (P = 0.035)
P306 P308 Rewrite first sentence in
third paragraph
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Abstract
Abstract
A series of six experiments was conducted to determine if supplementing the diet
with additonal tryptophan (Trp) and/or sulphur amino acids (SAA) would im-
prove production and markers of inflammation in the gastrointestinal tract (GIT)
of weaner pigs and particularly in pigs not provided with in-feed antimicrobial
compounds (AMC) and suffering from infection with Escherichia coli. The cur-
rent recommended level of standardised ileal digestible (SID) Trp:Lysine (Lys)
and SAA:Lys ratios are 0.16 and 0.55 for pigs between 5-11 kg (weaner pigs),
respectively.
Chapter 3 investigated the effects of Trp compared to AMC under conditions of
experimental infection with enterotoxigenic E. coli (ETEC). Experiment 1 Part
A, was a 3 x 2 design with (i) 3 levels of SID Trp:Lys (no AMC in diets) and
(ii) infection or non-infection with ETEC. Part A of Experiment 1 found only a
low-grade inflammatory response to infection with ETEC however did find that
pigs fedv a SID Trp:lys ratio of 0.24 improved feed conversion ratio (FCR) and
increased plasma Trp and its metabolite kynurenine levels regardless of infection
with ETEC. Experiment 1 Part B was a 2 x 2 x 2 design used (i) 2 levels of
SID Trp:Lys (0.17 and 0.25) and (ii) with or without AMC in the diet and (iii)
sacrifice on d 4 or 11 after weaning with all pigs infected with ETEC to determine
gut function, structure and gene expression. Part B of Experiment 1 found that
additional Trp and addition of AMC increased expression of intestinal alkaline
phosphatase on d 11. Experiment 1B also found that additional Trp decreased
activity of amino peptidase N on d 11 regardless of inclusion of AMC in the diet.
Chapter 4 was conducted at a commercial facility using 6 levels of dietary SID
Trp:Lys. Experiment 2 included AMC in the diet and found pigs had a low level of
inflammation but did not fit any broken-line models. Nevertheless, Experiment
2 found that a ratio of 0.234 SID Trp:Lys had the best performance in terms
of both daily gain and FCR. Experiment 3 examined the effects of 6 levels of
SID SAA:Lys compared to AMC under conditions of experimental infection with
ETEC.
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Abstract
Chapter 5 consisted of 2 parts, similar to Chapter 3. Part A was a 6 x 2
experimental design of (i) 6 SID SAA:Lys ratios (0.51, 0.55, 0.61, 0.62, 0.67
and 0.70) and (ii) with or without AMC in the diet to determine effects on
production performance and Part B was a 2 x 2 experimental design where pigs
from the (i) 2 extreme SID SAA:Lys ratios (0.51 and 0.69) and (ii) with or with
out AMC were sacrificed on d 11 to determine gut function, structure and gene
expression. Unfortunately, in the second replicate of pigs could not be used due
to large variations from expected SAA levels in the diet. In Part A of Chapter
5, no differences in production performance was found. However it is likely that
the cessation of the experiment meant that sample size was not large enough
to determine differences between treatments. Chapter 5 Part B found trends
of increasing SAA to decrease activity of leucyl amino peptidase activity and
expression of intestinal alkaline phosphatase and glutathione reductase. Chapter
5B also found a trend for pigs fed AMC to have higher feed intake and growth
when fed lower levels of SAA.
Chapter 6 consisted of feeding 5 SAA:Lys ratios and infection with ETEC with
no AMC in the diet. This study was successful in eliciting an inflammatory
response and found optimum ratios of 0.73, 0.71 and 0.68 SID SAA:Lys for daily
gain, feed intake and feed efficiency, respectively.
Chapter 7 was conducted in a commercial facility and used 7 levels of SID
SAA:Lys. This experiment included AMC in the diet and pigs showed low levels
of inflammation, an optimum ratio of SID SAA:Lys of 0.61 was found for ADG
in the first week and a ratio equivalent to the recommended level for FCR was
found for first three weeks after weaning.
Chapter 8 compared two levels of SID Trp:Lys (0.16 and 0.24) and 2 levels
of SID SAA:Lys (0.52 and 0.60) under experimental infection with ETEC and
found that supplementation above the recommended level of either Trp or SAA
improved FCR while supplementation with both tended to further improve FCR
in the first 2 weeks after weaning.
xxxv
Abstract
In conclusion, the studies found that supplementation of Trp above the recom-
mended level consistently improved FCR (regardless of inclusion of AMC) while
the requirement of SAA was higher than the recommended level when piglets
were not supplied with AMC, but adequate for pigs fed AMC.
xxxvi
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Chapter 1
General Introduction
The post-weaning period has been associated with low and variable feed intake
(anorexia) and diarrhea which limit production performance and deterirate health
in pigs (Heo et al. 2013). Weaning continues to be a major production constraint
costing the Australian pork industry an estimated $8.6-17.2 million in mortality
and an additional $10.6 million caused by reduced growth (Cutler 2001).
The gastrointestinal tract is profoundly influenced by these changes that
occur as a result of weaning. Burrin and Stoll (1993) described these changes as
having an “acute” phase, where changes to the gastrointestinal tract are most
deleterious, and an “adaptive” phase, where the gastrointestinal tract responds
(adapts) to the weaning changes, including the new diet. Inflammatory-type
conditions along the length of the gastrointestinal tract during this “acute” phase
coincidental with post-weaning diarrhoea caused by Escherichia coli have been
described (Gallois et al. 2009). In this regard, it is common for many pigs
to receive in-feed antimicrobial compounds (AMC) such as antibiotics and (or)
high levels of zinc oxide to overcome the potential negative effects of E. coli
and to reduce inflammatory effects in the gastrointestinal tract (Pluske et al.
2007). However, neither practice is sustainable long-term, as evidenced from other
countries, because of concerns about antibiotic resistance and the impact of zinc
on the environment, so alternative strategies are required. In a review by Lalle`s
et al. (2007), nutritional management of piglets around weaning can include
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targeted use and manipulation of proteins, amino acids prebiotics, probiotics and
dietary fibre.
Tryptophan (Trp) is an essential amino acid that must be supplied in
the pig diet and is associated with many important physiological functions. Of
particular relevance to immune system function is the degradation of Trp to
kynurenine (Kyn) via 2,3 indoleamine dioxygenase and the greater concentration
of Trp in acute phase proteins (de Ridder et al 2012, Moffett and Nambood-
iri, 2003). Work by Trevisi et al (2009) found that pigs susceptible to ETEC,
and supplied with additional Trp increased feed intake and maintained growth,
thereby partially compensating for immune system stimulation caused by ETEC
infection. These data indicate an increased need for Trp during immune stress.
Methionine (Met) is a sulphur-based amino acid and is required for
optimum immune function (Rakhshandeh et al 2007) and the synthesis of glu-
tathione. Studies have indicated that the conversion rate of methionine to cys-
teine (which is irreversible) increases during immune system stimulation to meet
the cysteine needs for the immune system, hence increasing the dietary methion-
ine requirements to satisfy the needs of protein synthesis (Malmezat et al 2000).
Rakhshandeh et al. (2007) demonstrated that growing pigs have an increased
need for dietary sulphur amino acids (SAA) when the immune system was stim-
ulated with an intramuscular injection of E. coli lipopolysaccharides (LPS).
The overall hypothesis is that additional supplementation of Trp an
SAA will improve production performance and reduce inflammation by mediating
the immune response in weaner pigs particularly under infection with E. coli and
in the absences of in feed AMC.
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2.1 Introduction
Many studies and reviews have described the profound negative impact on the
production and welfare of weaned pigs caused by the combined effects of anorexia
and post-weaning diarrhea (PWD). Consequently methods to reduce the post-
weaning malaise have been heavily researched (Pluske et al. 1997; Fairbrother et
al. 2005; Lalle`s et al. 2007; Lalle`s et al. 2007; Heo et al. 2013). In-feed antimi-
crobial compounds (AMC) such as antibiotics and therapeutic use of minerals
have conventionally been used to reduce the impact of weaning. However the
use of AMC is increasingly being scrutinised and in the EU use of antibiotics for
growth promotion has been banned since 2006 (EC Regulations 1831/2003 and
1334/2003). The pressure to decrease the use of such compounds will increase
the risk of gastrointestinal tract (GIT) disorders at weaning. As a result, a sig-
nificant amount of research has been conducted to develop alternative strategies
to combat this post weaning malaise.
Weaner pig diets have traditionally been formulated to maximise growth
by overcoming immaturity in GIT function while also considering the cost of feed
ingredients (de Lange et al. 2010). However, it is now commonplace to formulate
diets of young pigs to promote gut function and health to improve whole body
growth (Burrin and Stoll 2003). The development of nutritional immunology
(Li et al. 2007) aims to define the role dietary nutrients play in the immune
system from cellular to whole body levels. Nutritional management of piglets
around weaning can include targeted use and manipulation of proteins, amino
acids, prebiotics, probiotics and dietary fibre (Lalle`s et al. 2007). Amino acids
are amongst the nutrients that are being researched for their role in immune
function. Studies to elucidate the roles of tryptophan (Trp) and sulfur amino
acids (SAA) in attenuating post-weaning malaises to date have not aimed to
determine the requierment for these esential amino acids under conditions of
immune stress.
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Therefore, this review of the literature will be focused on;
1. The post-weaning growth check and its causes,
2. Subsequent immune, inflammatory and acute phase responses to the post-
weaning growth check,
3. Roles that Trp and SAA play in the above responses and the estimated
requirements for maintaining growth, immune system activation and in-
flammatory responses during this time.
2.2 Weaning the Pig
In pig production, one of the major constraints on the industry is the post-
weaning growth check. Weaning is the process of removing the young from their
dam and, under commercial settings, is an abrupt and stressful process. The
post-weaning growth check is commonly caused by a period of anorexia (7-10 days
after weaning) followed by post-weaning diarrhea (PWD). Harrell et al. (1993)
estimated that immediately before and after weaning pigs were only performing at
50% of their genetic growth potential. At the time of weaning, the pig is exposed
to a multitude of stressors that can be classified as nutritional, environmental,
and psychological (Pluske et al. 1997; Williams 2003; Lalle`s et al. 2004).
Nutritional changes involve the method of feeding (from udder to feeder)
as well as changes in physical and chemical composition of feed (Burrin and
Stoll 2003). Environmental changes include the change in housing and tem-
perature. Psychological changes involve the mixing of litters, separation from
littermates and separation from the dam. Indeed, psychological stressors have
been demonstrated to increase permeability in the gut via increased cortisol and
corticotrophin releasing factor receptors in the gut. This effect of stress on the
GIT then leads to increased susceptibly to pathogens. As a consequence of one
or more of these stressors, localized immune system stimulation (ISS) and (or)
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inflammation along the GIT tract and it is common to observe diarrhea and poor
performance in weaner pigs.
2.3 The Gastrointestinal Tract
The GIT is responsible for digestion, absorption and metabolism of dietary nutri-
ents (Wang et al. 2009). Key aspects of gut function include digestive capacity
(brush border enzymes), absorptive capacity, diversity and load of microbiota,
chemical and physical barrier and immune function (de Lange et al. 2010). The
main events of nutrient digestion and absorption occurs in the small intestine
mucosa in pigs (Lieber-Tenorio et al. 1999).
The morphology of the small intestine contains two major structures.
The first are villi, which are finger-like projections responsible for digestion and
absorption and act to increase surface area. The second are crypts which are
tubular glands and contain epithelial stem cells which are responsible for epithelial
cell repopulation (Zhang and Xu 2003). It is desirable to have long villi as it
increases surface area and thus disgestive and absorpitive capacity of the small
intestine (Lieber-Tenorio et al. 1999).
The brush border surface performs digestive actions via release of diges-
tive enzymes and their activity is indicative of digestive capacity and maturity
of the enterocytes in the small intestine (Henning 1985; Hampson and Kidder
1986). Some brush border peptidases are hydrolases, which cleave amino acids
from proteins or peptides. Variations in brush border peptidase activity depend
on cell renewal rate (proliferation of crypt cells, migration of epithelial cells and
villi cell apoptosis) and protein synthesis (protein maturation and stability and
gene expression) (Marion et al. 2005). Four major peptidases are aminopep-
tidase N (APN), aminopeptidase A (APA), leucyl aminopeptidase (LAP) and
dipeptyl peptidase IV (DPP-IV). Aminopeptidase A predominately splits N-
terminal acidic residues while APN cleaves basic to neutral N-terminal residues
(arginine, leucine and methionine) (Benajiba and Maroux 1980).
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Protein digestion begins in the stomach where it is cleaved into large
peptides. Upon entering the small intestine, peptides are mixed with secretions
from both the duodenum and pancreas that raise the pH and activate the pep-
tidase enzymes. Thereafter, digestion of peptides to amino acids in the small
intestine depends on pancreatic juice availability and brush border peptidase
activity. Proteins, peptides and amino acids that remain undigested and(or)
unabsorbed by the small intestine can be deaminated by bacteria in the large
intestine, however the absorbed nitrogen is lost through urine (Lieber-Tenorio et
al. 1999). Furthermore, digestion of protein in the large intestine, can produce
by-products that are possibly toxic and negatively impact the epithelium (Halas
et al. 2007).
As a part of the gut immune system, gut-associated lymphoid tissue
(GALT) located in the sub mucosal layer contain a variety of mononuclear phago-
cytes which can display inflammatory profiles and secrete signaling molecules such
as cytokines (Mani et al. 2012).
2.3.1 Effect of Post-Weaning Anorexia on the GIT
The changes to the GIT at weaning are described as an ”acute” phase, from day
1 to day 5 or 6 after weaning and is associated with a low and variable feed
intake, where the changes are the most deleterious. An ”adaptive” phase, from
days 5 or 6 to days 11 or 12 after weaning, is characterized with the adaptation of
the GIT to the weaning changes, including the new diet (Burrin and Stoll 2003).
This malfunction of the gut can then lead to decreased digestive and absorptive
capacity and consequently malabsorption (Pluske et al. 1997).
Researchers have described inflammatory-type conditions along the length
of the GIT during the acute phase as coincidental with post-weaning diarrhea
(PWD) caused by Escherichia coli (Burrin and Stoll 2003; Heo et al. 2013).
Inflammation of the intestine and epithelial barrier dysfunction are associated
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with increased permeability, which may lead to translocation of toxins and bac-
teria such as E.coli from GIT into the system (Vente-Spreeuwenberg and Beynen
2003).
Low feed intake after weaning has been demonstrated to cause an in-
crease in organ weight, villus atrophy, crypt hyperplasia and decrease in brush
border enzyme activities such as peptidase activity (Tang et al. 1999; Vente-
Spreeuwenberg et al. 2004; Hedemann et al. 2006). Furthermore, this period
of anorexia causes lower energy intake, subpar maintenance of epithelial struc-
ture and thus reduced resistance to pathogens (Kim et al. 2012). The reduction
of the brush border enzyme activity reaches minimum levels between d 3 and
5 after weaning and is attributed to villus atrophy as a result of anorexia after
weaning (Heo et al. 2013). Increased feed intake has been positively correlated
with a reversal of these effects (Vente-Spreeuwenberg et al. 2004). Therefore,
maintenance of feed intake is imperative to maintain the morphology of the small
intestine (Pluske et al. 1996).
Another marker of digestive and absorptive function in the small intes-
tine is intestinal alkaline phosphatase (IAP) (Lackeyram et al. 2010). Stress and
dietary factors can influence IAP activity and thus it’s roles include absorption of
lipids, regulation of pH, detoxification of bacterial endotoxin, regulation of inflam-
mation and bacterial transmucosal passage regulation (Lalle`s 2010). For example,
it is known that fat free diets decrease IAP activity, while increasing fat in the
diet increases activity of IAP in rats (Stenson et al. 1989). Rats fed protein-free
diets have been found to have lower IAP activity (Fishman and Ghosh 1967), and
it is thought that luminal deficiency or deprivation of amino acids decreases the
activity of IAP via decreased intestinal epithelial growth (Gibson et al. 1999).
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2.4 Post-Weaning Diarrhea
2.4.1 Pathogenesis of PWD
Post-weaning diarrhea is a multifactorial disease and is characterised by frequent
excretion of watery feces in the first two-weeks after weaning. This condition
is often associated with the proliferation and shedding of one or more strains
of β-haemolytic E. coli (Fairbrother et al. 2005). The most frequently isolated
enterotoxigenic E. coli (ETEC) that causes PWD is ETEC K88 (Trevisi et al.
2009). These ETEC attach to receptors found on cells in the small intestine.
Susceptibility to the ETEC-induced PWD depends on presence or absence of
receptors (Trevisi et al. 2009). Pigs that are susceptible to ETEC (presence of
receptors) often show poorer production indices, greater immune response against
the pathogen, greater duration of clinical signs of PWD, greater faecal shedding
of ETEC and deterioration of gut structure compared with non-susceptible pigs
(Geenen et al. 2007). Onset of PWD depends on endotoxin production, bacterial
survival and adhesion to the intestinal mucosa (Jensen et al. 2006).
Upon adhesion to the gut, ETEC release one or more toxins such as heat
labile toxin (LT) or heat stable toxins (ST). Heat labile toxins bind to the surface
of intestinal epithelial cells and elevate intercellular levels of cyclic adenosine
monophosphate (cAMP) (Fairbrother et al., 2005). This cyclic AMP stimulates
protein kinase and as an end result, increases chloride ion sectrection, decreased
sodium absorption and losses of water into the lumen. The same end effect is
produced by STa, however done so via increasing the levels of cyclic guanosine
monophosphate instead of cAMP. Fluid secretion in the gut caused by STb is
cyclic-nucleotide independent and can induce some villous atrophy (Bertschinger
and Fairbrother 1999). The toxins increase secretion of ions into the lumen and
reduce the absorption of liquid and salts. These processes cause an accumulation
of water and ions in the large intestine that in turn cause diarrhea and a range
of other effects including, but not limited to, dehydration, reduced feed intake,
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reduced nutrient digestibility, reduced growth and in some cases, death (Kjeldsen,
2006). Furthermore, the cell wall of E.coli (both pathogenic and commensal)
contains the endotoxin lipopolysaccharide (LPS) which is an immune stimulator
in production animals (Mani et al. 2012).
2.4.2 Combatting PWD
Methods to combat PWD include breeding of resistant pigs (without receptors for
ETEC, immunoprophylaxis, administration of antibodies and spray dried plasma,
probiotics and preventative feed medication such as antibiotics and zinc oxide
(Fairbrother et al. 2005). To date, the most effective strategy to prevent piglets
to succumbing to sub-clinical and clinical diseases at weaning is the use of prophy-
lactic and therapeutic use of AMC, such as antibiotics and zinc oxide (Houdijk
et al. 2007; Kim et al. 2012a; Heo et al. 2013). However, due to concerns
over increased antibiotic resistance in bacteria, the EU banned the use of in-feed
antibiotics in 2006 (Heo et al 2013). There has also been increased pressure in
other regions from consumers to produce pork without the use of AMC (Lusk et
al. 2006). As a consequence, there has been a significant amount of research into
strategies to support the pig at weaning (Mroz 2005; Roselli et al. 2005; Halas et
al. 2007; Lalle`s et al. 2007; Gallois et al. 2009; de Lange et al. 2010; Kim et al.
2012a; Heo et al. 2013).
2.4.3 Modeling PWD
It is the ultimate goal of agricultural science to improve production performance
of pigs under a commercial setting, however commercial conditions are often
not conducive to obtain reliable data. Conversely, experimental facilities are
generally more hygienic than their commercial counterparts (Black et al. 2001)
and therefore do not always give a good reflection of commercial reality (de Lange
et al. 2010). In the post-weaning period, many researchers have used a per os
model of PWD using strains of ETEC or injections of E. coli endotoxin such as
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LPS (Le Floc’h and Se`ve 2007) to mimic the commercial conditions of greater
pathogen load (Montagne et al. 2004; Jensen et al. 2006; Wellock et al. 2008;
Heo et al. 2009; Trevisi et al. 2009).
Limitations of disease challenge models are the between-animal variabil-
ity such as susceptibility to pathogen, variable pathogen load, changes in the pig’s
response and interaction between different pathogens (Fairbrother et al. 2005).
To reduce this variability, genetic screening for susceptibility of E. coli, sourc-
ing piglets from one source and high health herds and reducing weaning weight
variability should be used where possible.
2.5 Immune, Inflammatory and Acute Responses
to Weaning
2.5.1 Innate Immunity
The immune system is developed to protect against pathogens and consists of two
distinct but interrelated systems; the innate and acquired. The innate immune
system is the first response against disease and is mediated by white blood cells,
mainly neutrophils (Mani et al. 2012).
At birth the mucosal immune system is naive, poorly established and
development of an effective mucosal immune system appears to be dependent
on colonization of commensal and pathogenic microbial gut flora (Lalle`s et al.
2007). At weaning, the mucosal immune system is capable of mounting immune
responses (Lalle`s et al. 2007), however is considered relatively immature (Stokes
et al. 2004). Intestinal goblet cells synthesise mucus, which is considered to be a
host defense mechanisms. Secretion is either base-line or accelerated. Base-line
mucosal secretions maintain the mucus coat by replacing mucus lost by erosion,
digestion and digest flow. Accelerated mucosal secretions are increased in re-
sponse to a physical, pathogen and/or toxin load (Blok 2002).
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Localized activation of the innate system, such as by pathogens, can lead
to inflammation which involves chemical signals and recruitment of phagocytic
neutrophils, dendritic cells and macrophages (Korver 2012). Neutrophils play
a major role in bacterial infections and typically are indicative of inflammation
(Zhang et al. 1997; Lalle`s 2010).
A leaky gut, such as is typical at weaning, may allow commensal and
(or) pathogenic bacteria to enter the lymphatic system. The entotoxins produced
by ETEC can then lead to local and systemic inflammation and chronic activation
of the immune system. Pattern recognition receptors, such as toll like receptor
4 (TLR4), on various cells recognizes endotoxins and recruits macrophages for
secretion of pro-inflammatory cytokines and other immune moderators (Mani et
al. 2012). These phagocytes present antigens to the acquired immune system
and also release toxic chemicals (such as reactive oxygen species and nitric oxide)
(Korver 2012). Therefore oxidative stress has a pivotal role in pathogenesis of
many diseases and inflammation (Wu et al. 2004).
2.5.2 Adaptive Immunity
The adaptive immune system is an antigen specific response to infection (i.e. the
immune response is specific to the type of antigen). Activation of the adaptive
immune system begins with antigens being taken up by antigen presenting cells,
such and dendritic cells. These cells then degrade the antigen into peptides
which are presented on the surface of the cell on specialized antigen receptors
called major histocompatibility complex (MHC) class II molecules. Following
the MHC class II-antigen binding, the complex recognized by specific T-cells.
The T-cells then secrete lymphokines that stimulate B-lymphocytes to result in
a clonal expansion of these lymphocytes and production of immunoglobulins that
specifically target the antigen.
At birth, the adaptive immune system is immature and na¨ıve. While the
postnatal period exposes the pig to many environmental antigens, the immune
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system is still not mature at weaning. For example, adult levels of MHC class II
cells are reached at five-weeks of age (Vega-Lo´pex, 1995), T-cells are not reached
until 24-weeks of age (Vega-Lo´pex, 2001) and B-lymphocytes are not reached
until four-weeks of age (Brown and Bourne 1976). This immaturity of the immune
system can compromise immunological defense and leave mucosa susceptible to
opportunistic pathogens such as E. coli (King et al. 2003).
The adaptive immune response is not independent of the innate immune
response and there is increasing evidence that initial recognition of pathogens
by the innate immune system play an important role in focusing the adaptive
immune response (Kelly and King 2001).
2.5.3 Cytokines
Cytokines are signaling molecules responsible for mediating the regulation of im-
munological and inflammatory responses. Cytokines are produced by immune
cells such as macrophages, neutrophils and natural killer cells and are crucial for
activation of the immune system. Cytokines also signal initiation of catabolism
of muscle and nutrient utilization in response to disease states and hence, are
of importance to growth in the pig (Johnson 1997). There are many classi-
fications of cytokines: interleukins (IL), tumour necropsy factors (TNF), and
interferons (IFN). Cytokines can also be described as pro-inflammatory or anti-
inflammatory. Pro-inflammatory cytokines such as TNF-α, IL -1α, IL-1β and
IFN-γ promote systemic inflammation (make the disease worse). While anti-
inflammatory cytokines such as IL-6 and IL-10 function by controlling the pro-
inflammatory cytokine response by acting on cytokine receptors and inhibitors
and reduce inflammation and promote healing.
Weaning has been associated with an up-regulation of pro-inflammatory
cytokine expression (namely IL-1α and 1β and TNF-α) (Pie´ et al. 2004). In
particular, the acute phase of weaning (Zhao et al. 2008) and infection with
ETEC coincided with up-regulation of these pro-inflammatory cytokines. McKay
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and Baird (1999) determined that these pro-inflammatory cytokines were not only
the first mediators in response to tissue damage but also affected gut permeability
and ion transport further exacerbating PWD. For example, up-regulation of TNF-
α is associated with decreasing barrier function and inhibition of IAP expression
(Malo et al. 2006) and can lead to increased susceptibility to bacterial infections
(Pie´ et al. 2004).
The inflammatory response signaled by these cytokines includes recruit-
ment of immune cells (such as neutrophils), increasing metabolic rate (fever),
tissue damage, reduction of voluntary feed intake and protein breakdown to sup-
port glycogenesis and synthesis of acute phase proteins (APP) (Klasing et al.
1999, Pie´ et al. (2004). Under such conditions, nutrients are partitioned towards
supporting the production of acute phase proteins APP, cytokines and immune
modulators resulting in reduced growth and performance (Mani et al. 2012).
Thus, mounting an inflammatory response can require considerably more nutri-
ents, while metabolism of innate immune cells is not considered to be nutritionally
costly (Klasing and Calvert 1999).
2.5.4 Acute Phase Response
The acute phase response occurs after infection or trauma and is mediated by
pro-inflammatory cytokines ,IL-1 and TNF-α (Eckersall et al. 1996). These cy-
tokines induce are alterations in circulating levels of plasma proteins, which are
collectively known as the acute phase proteins (APP) and are produced in the
liver. Acute phase proteins can change their concentration by 25% or more in re-
sponse to these pro-inflammatory cytokines (Eckersall and Bell 2010). The acute
phase response is quicker to respond to pathogens than specific antibodies (such
as immunoglobulin), and levels return to normal as the inflammatory cause is
resolved. There are two types of APP; positive APP increase under inflamma-
tory stress, while negative APP decrease under such conditions (Eckersall and
Bell 2010). Measurement of circulating APP can be used as a diagnostic of an
individual animal’s health (Itoh et al. 1992).
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Different APPs have different reactions and induction sensitivities (Pe-
tersen et al. 2004). For example, work by Eckersall et al. (1996) demonstrated
that haptoglobin, c-reactive protein (CRP) are important APP in response to an
inflammation model using turpentine injections while acid soluble glycoprotein
did not respond to the experimental model. Therefore it has been suggested that
more than one APP be used to indicate and diagnose disease (Gruys et al. 2005).
For detection of inflammation there was an increase in probability with the use
of more APP (Eckersall et al 2011). The following are brief descriptions of the
main APP in the pig.
C-reactive protein (CRP) protects the animal from infection and clears
damaged tissue which in turn prevents autoimmunization and regulates the im-
mune response (Du Clos and Mold 2004). C-reactive protein is also known to me-
diate phagocytosis and induce anti-inflammatory cytokine production (Du Clos
and Mold 2004). C-reactive protein has an highly variable response (from 5-
to 24- fold increase) (Eckersall et al. 1996) to the turpentine injection and was
considered to be the best estimate of pig health as it was the most sensitive in
detection inflammation and infection (Heegaard et al. 2011).
Haptoglobin levels have been used to diagnose subclinical disease, health
status and to predict weight gain of pigs (Eurell et al. 1992), and is one of
the most studied APP in pigs (Pomorska-Mo´l et al. 2012). Haptoglobin acts
by binding iron in haemoglobin thus inhibiting its oxidative ability as well as
decreasing the amount of iron available for pathogens. However, under haemolytic
disease conditions, it can give false-negative results due to the formations of
haemoglobin-haptoglobin complexes (which are removed by the liver) after release
of haemoglobin (Eurell et al. 1992). Furthermore, haptoglobin was affected by
pre-challenge history (such as age, housing and sanitary status of pigs) more than
C-RP, PigMAP or ApoA1 (Heegard et al 2011).
Pig major acute phase protein (PigMAP) is a glycoprotein and can
increase up to 10 times under conditions of infection or acute phase models (ie
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surgical trauma) (Pineiro et al. 2009). It is thought that PigMAP has anti-
inflammatory actions by inhibiting actin polymerization and develop the liver.
Apolipoprotein A1 (ApoA1) is the main protein component of high-
density lipoprotein in the serum of pigs. Using a model of inflammation induced
by a turpentine injection, ApoA1 was found to halve following the challenge
(Carpintero et al. 2005). Plasma levels of ApoA1 are thought to decrease due
to activated neutrophils releasing defensin (Lippi and Guidi 2000). This defensin
then binds the ApoA1 to endothelial and muscle cells although it is unclear if
ApoA1 is then degraded or internalized.
Albumin is a globular protein found in blood plasma. It has been
demonstrated the plasma albumin decreases under immune stress induced by
LPS injection (de Ridder et al. 2012).
2.6 Introduction to Amino Acids
Amino acids are required for maintenance, protein synthesis and accretion and
can have bioactive properties. Amino acids are classified into two main groups,
essential and nonessential. Essential (indispensible) amino acids are those that
the body cannot synthesize and therefore must be provided in the diet. Nonessen-
tial (dispensible) amino acids can be synthesized from smaller compounds (such
as α-ketoacids) and therefore not considered to be “essential”. Supply of amino
acids to the pig depends on dietary protein level, ingredient composition, their
digestibility and supply in free form (such as crystalline synthetic supply).
The amino acid requirements to fulfill the activated immune system vary
greatly from that of growth (Reeds et al. 1994). The immune system is highly
dependent on amino acids for protein and polypeptide synthesis and for produc-
tion of other essential molecules such as nitric oxide, superoxide, glutathione and
anthranilic acid (Li et al. 2007). Specific amino acids can modulate the immune
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system and thus can promote health and improve gut tissue anabolism (de Lange
et al. 2010).
The fate of excess of amino acids or protein catabolism are reflected in
plasma urea nitrogen levels as deaminated nitrogen is produced via metabolic
pathways such as glucogenesis and intestinal protein fermentation (Zervas and
Zijlstra 2002). Use of specific amino acids under immune system stimulation
increases plasma urea nitrogen due to amino acid imbalance created during the
immune response (Kim et al., 2013). Lower levels of plasma urea nitrogen gener-
ally indicate greater amino acid utilisation (Coma et al. 1995).
Not all dietary protein can be digested and absorbed by the gut. Pro-
tein digestibility depends on the type of feed ingredients used and the amino
acid in question. Therefore, to best formulate diets to meet the requirements for
amino acids an estimate of digestibility should be used rather than the chemical
composition of feed stuffs. In monogastric animals, such as the pig, this is typi-
cally a measure of ileal digestibility as it is a better representation of amino acid
absorption in the GIT as amino acids that disappear from the hindgut are of no
nutritional value to the pig (National Research Council 2012).
Apparent ileal digestible estimates are simply the total amino acid en-
tering the gut less the amount of amino acid in the digesta from the terminal end
of the small intestine. It does not take into account the difference between undi-
gested and unabsorbed amino acid and endogenous losses. Endogenous losses
(protein and amino acids from pancreatic, gastric and bile secretions) are con-
sidered basal (diet-independent) or specific (diet-dependent). Standardised ileal
digestible estimates take into consideration the basal endogenous losses as well as
the amount of undigested and unabsorbed amino acid. True ileal digestible esti-
mates correct for all endogenous losses in addition to undigested and unabsorbed
protein. Furthermore, crystalline amino acids (of used to fortify low protein di-
ets) are generally considered to be 100% bioavailable (National Research Council
2012). Estimates of SID estimates are used as requirements and diet formulation
can both be expressed in these terms.
19
Chapter 2. Review of the Literature
2.6.1 Modeling requirement of amino acids
In production animals, the concept of the ideal protein is defined as the amino
acid profile that meets the requirements for maintenance and growth (Wang and
Fuller 1989). The ideal protein is composed such that each amino acid is equally
limiting (i.e. there is no amino acid in excess), maximises growth (or other
criterion) and typically refers to essential amino acids. The most limiting amino
acid is the amino acid included in the diet in the least amount relative to the
pig’s requirement (Lewis 2001). In pigs, lysine (Lys) is the first limiting amino
acid in cereal-based diets. As a result, in the literature, amino acid levels in diets
and requirements are often reported as a percentage of Lys or as a ratio to Lys.
Dose response studies are used to determine the “requirement” for a
given nutrient. The requirement is the dietary concentration at which the re-
sponse criterion (such as performance) reaches a maximum and assumes no other
factors are limiting. The response curve of a dose response experimental design
typically has three sections. The first is when the nutrient in question is limiting
and the response variable will improve with increasing supply of the nutrient.
The second is when there is enough of the nutrient in question, and is charac-
terized by a plateau in the response variable. The third is when there is excess
of the dose-nutrient and the diet becomes toxic resulting in a deterioration in
the response variable. Analysis of dose response studies using a simple analysis
of variance (ANOVA) ignores that the independent variable is continuous. Thus
modeling of requirement using regression models are used to “glean” information
from such datasets (Pesti et al. 2009). Requirements can also be affected by
pig variables (age, sex and breed/genotype), experimental design (environmental
conditions, diet formulations, regression model). Safety margins in feed formula-
tions should be used to assure minimum nutrient specifications are met as it is
impractical to ascertain the nutritional content of each batch of feed ingredients
(Lerman and Bie 1975).
In this manner, it was suggested that a quadratic polynomial (QP)
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regression be fitted to such data. For practical use, nutritionists would fit the
model, and then arbitrarily chose the “requirement” to be a certain percentage
(i.e. 99% or 95%) of maximum response. The advantages of QP models is that
they fit the nature of the increase (nutrient limiting) and decrease (nutrient in
excess) in the response variable, are easy to fit and maximum points are easy
to determine (Pesti et al 2009). However, QP models do not correctly model
the “plateau” between which the nutrient is not limiting but also not adversely
affecting the response variable.
Broken line models of regression are the most commonly applied to
nutrition response studies and more closely represent the theoretical nature of
nutritional response (Pesti et al. 2009). In these models, there is a change in
response until the requirement is met, at which the response variable plateaus.
The breakpoint is when the amino acid in question is no longer limiting (Rob-
bins et al. 1979). However, the disadvantage are that these models are more
difficult to fit than QP, require more data points than QP regression and do not
model the “toxic” stage of nutrient response at all. Furthermore, the linear bro-
ken line method may underestimate the requirement if the data are not linear
(Robbins et al. 2006) and is recommended for estimation of nutrient require-
ment measured from individually-housed animals. Nutrient requirements using
populations (groups of animals) and a linear broken line model would fit to the
“average” animal and thus would underestimate the requirement. In this instance
of modeling populations, quadratic broken line models are recommended (Pomar
et al. 2003). Although, it has been argued that the quadratic broken line model
would overestimate the requirement as the plateau is the optimum for all animals
(Baker 1986).
Vedenov and Pesti (2008) stated that it is difficult to conclusively decide
if one regression model is better than another without further information about
the dataset, and supported the notion by Baker (1986) that the model should
reflect the objectives of the experiment. Therefore in choosing the appropriate
statistical model, should be based on its fit (Littell et al., 2006).
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In dose response experiments for estimation of requirements for essential
amino acids, the experimental basal diet should have Lys as the second limiting
amino acid for growth (Boisen 2003). This is because the ideal protein profile
does not change for a given production stage, and thus the only variation in
practical feed formulation is the amount of Lys (per kg of feed) (Simongiovanni
et al. 2011). If Lys is not limiting then this will result in an underestimation of
the tested amino acid requirement.
2.7 Tryptophan
In pigs, tryptophan (Trp) is an essential amino acid and is found in the lowest
amount in body protein. Tryptophan is classified as an aromatic amino acid due
to the attached aromatic rings. Tryptophan is an important building block of
protein, a substrate for serotonin synthesis and nicotinamide adenine dinucleotide
(NAD+) as well as presenting roles in glucose homeostasis, appetite regulation,
immune and inflammatory responses (Moffett and Namboodiri 2003; Le Floc’h
and Se`ve 2007). In the animal, Trp has two major metabolic fates. Most of the
Trp metabolism (90%) occurs via the kynurenine pathway (Figure 1; Le Floc’h
and Se`ve (2007)). The other 10% is metabolized via the indoleamine pathway
and the main product formed is serotonin (Salway 2004). Degradation of Trp
to kynurenine is catalysed by either 2,3 indoleamine dioxygenase (IDO) by all
tissues or 2,3 tryptophan dioxygenase (TDO) in the liver. Other metabolites
along this pathway are nicotinic acid ribonucleotide, picolinic acid, tryptamine,
anthranilic acid, kynurenic acid and acetyl CoA.
2.7.1 Regulation of appetite
The effect of dietary Trp in regulating appetite has been well documented (Le
Floc’h et al. 2007). It is believed that piglets are able to detect a deficiency
in tryptophan at the brain level and develop an aversion to the diet (Ettle and
22
Chapter 2. Review of the Literature
Roth 2004). Furthermore, under conditions of Trp deficient diets, decreased
growth rates have been associated with a reduction in feed intake (Eder et al.
2001). Using a pair feeding design, the growth depression found under conditions
of tryptophan deficiency is almost entirely caused by the reduction of feed intake
(Eder et al. 2001).
In a study by Trevisi et al. (2009) weaner pigs susceptible to ETEC and
supplemented with Trp increased their feed intake and growth compared with
pigs not supplemented with Trp. Edmonds et al. (1987) used a self-selection
study and found that pigs avoided diets containing excess levels of Trp (+4%
above basal (analysed levels not provided)) than diets containing excess threo-
nine, Lys or arginine. Furthermore, it is also known that Trp has a bitter taste
and “unpleasant” odour (Edmonds et al. 1987). Therefore, this highlights that
providing weaner withs with a diet with correlt levels of Trp may reduce the
duration and(or) extent of the anorexic period after weaning compared with Trp
imbalanced diets.
2.7.2 Role of Trp in the Immune and Inflammatory Re-
sponse
Moffett and Namboodiri (2003) conducted a literature review detailing Trp and
its roles in the immune response. Tryptophan metabolism along the Kyn path-
way is increased under inflammatory conditions and when dietary Trp is increased
(Le Floc’h and Se`ve 2007). During inflammation, Trp catabolism produces an
immunosuppressive environment which controls homeostasis of T-cells and self-
tolerance (Platten et al. 2005). The pro-inflammatory cytokine IFN-γ induces
Trp catabolism via IDO under conditions of immune stress (Taylor and Feng
1991). The endotoxin LPS has also been demonstrated to induce IDO activity
(Li et al. 2007). Studies have demonstrated there is an increase in IDO activity in
lung, lymph nodes, heart and spleen of weaner pigs suffering from lung inflamma-
tion (Melchior et al. 2004; Melchior et al. 2005). It has also been demonstrated
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that IDO is induced by LPS infection in the lungs of mice (Yoshida and Hayaishi
1978).
Mellor and Munn (2004) extensively reviewed the role of IDO in the
immune and inflammatory response. Metabolism of Trp to Kyn has been found
to have three major biological functions. First, IDO has antimicrobial properties
and it has been shown that cells expressing both IFN-γ and IDO are able to
inhibit pathogen growth (Daubener and MacKenzie 1999). Second, cells that
express IDO (i.e. dendritic cells and macrophages) are capable of inhibiting T-
cell proliferation and thus control lymphocyte production (Le Floc’h et al. 2004).
Third, breakdown of Trp via IDO has an absolute requirement for superoxide ions
and is thus thought to be a free-radical protector as it is able to remove super
oxide ions in the process (Thomas and Stocker 1999). This also suggests this
pathway would be limited to areas where leukocytes would be producing these
ions (i.e. areas of infection or inflammation) (Moffett and Namboodiri 2003).
It has been demonstrated that poor sanitary status, causing a low-grade
inflammatory response, was found to increase the requirement for Trp (Le Floc’h
et al. 2004; Le Floc’h and Se`ve 2007). Tryptophan catabolism has been shown to
increase during lung infection in piglets (Melchior et al. 2004), under conditions
of inflammation (Le Floc’h et al. 2004), suboptimal health (Melchior et al. 2005)
and oxidative stress induced by diquat injection (Lv et al. 2012). Mortality rate of
pigs orally infected with and succumbing to ETEC was lower in pigs supplemented
with Trp (Trevisi et al. 2009). In pigs susceptible to ETEC, genes related to the
innate immune system and bacterial response (such as LPS-bind protein, TLR4
and IL-8) were up regulated, but when supplemented with Trp, this effect was
reversed (Trevisi et al. 2012). de Ridder et al. (2012) suggested an increase of
7% dietary Trp would maintain growth in pigs suffering from inflammation and
immune stimulation.
Furthermore, the acute phase response is likely to also increase the re-
quirement for Trp for synthesis of APP. For example, the Trp content in muscle
is estimated to be 13 g/kg of protein, while the amount of Trp in positive APP
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is much higher (Reeds et al. 1994). Specifically, positive APP, C-RP and hap-
toglobin have Trp contents of 42 and 32 g/kg of protein, respectively (Reeds et
al. 1994).
2.7.3 Estimates of Requirement for Trp in Weaner Pigs
Dietary supply of Trp must be adequate for maximum production performance
of pigs. If Trp is inadequate it will limit protein synthesis and growth (Le Floc’h
and Se`ve 2007). Estimates of the requirement for Trp in the diet of weaner pigs
has been “quite variable” (Simongiovanni et al. 2011). Tryptophan is generally
regarded as the second and fourth limiting amino acid in commercial pig diets
based on corn (Eder et al. 2001) or wheat/barley (Le Floc’h and Se`ve 2007),
respectively. For this reason, Trp is commonly added to diets of pigs because
of the limited concentration found in ingredients typically used (Le Floc’h et al.
2012).
Individual titration studies have estimates of requirement of weaner pigs
varying from SID Trp:Lys ratio of 0.15 (Ma et al. 2010) to 0.22 (Jansman et al.
2010) and many more in between (Chung and Baker 1992b; Guzik et al. 2002;
Fent et al. 2005; Guzik et al. 2005). The National Research Council (2012)
currently recommends a SID Trp:Lys ratio of 0.166 and 0.163 for pigs between
7-11 and 11-25 kg body weight, respectively.
Some authors have tried to reconcile these discrepancies and compile
datasets to determine the optimum Trp level in diets. In a review of estimates
of Trp requirements for pigs, Susenbeth (2006) found that a mean of as-fed 0.17
Trp:Lys was found to optimise production. However in this review, the studies
used in the analysis had highly variable levels of Lys and Lys may not have
been limiting in all studies. Therefore it is likely that this estimate is below the
true requirement. In a meta-analysis by Simongiovanni et al. (2011), found the
optimum ratio of SID Trp:Lys for pigs between 7 to 25 kg to be 0.22, 0.22 and
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0.20 for daily gain, feed intake and gain:feed, respectively, using a curve linear-
plateau model. The meta-analysis conducted by Simongiovanni et al. (2011) gives
a better estimate for Trp requirements as it selected 37 out of 130 experiments
based on the following criterion (i) Lys as the second limiting amino acid, (ii)
had not more than 2 limiting amino acids, (iii) were not deficient in amino acids
threonine, valine or sulphur amino acids, and (iv) had three or more levels of Trp.
However, of these studies, none have used an immune or inflammatory challenge
in their estimation studies and this represents a significant knowledge gap.
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Figure 2.1: Kynurenine pathway of tryptophan catabolism from Le Floc’h
et al (2007). IFN-γ = interferon-gamm; IDO = 2,3 indoleamino dioxy-
genase; TDO; 2,3 tryptophan dioxygenase.
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2.8 Sulphur Amino Acids
Methionine (Met) is an essential amino acid while cysteine is considered semi-
essential. This is because cysteine (Cys) is able to make up 50% of the require-
ment for Met and the low capacity of pigs to convert Met to Cys (Finkelstein
1990). Together they are considered to be the principal SAA. Metabolism of Met
and Cys is restricted at low intakes of SAA (Fikagawa 1996) indicating a high
priority of their protein synthesis role in tissue. Metabolism of Met (Figure 2)
produces a methyl group used for methylation of DNA and proteins and regu-
lates gene expression (Wu et al. 2006). Major products of Met + Cys metabolism
include homocysteine, taurine and glutathione (GSH) (Grimble 2006).
2.8.1 Role of SAA in Immune and Inflammatory Response
The requirement for SAA is known to increase during trauma sepsis and injury
(Grimble 2006). A study by Cuthbertson (1931) found that under catabolic con-
ditions urinary excretion of nitrogen increased greater than excretion of sulfur,
indicating that the inflammatory response increases the requirements for SAA
and that SAA plays an important role in immune function. In chickens, dietary
supplementation of Met or Cys was beneficial for the immune system in terms
of T cell production, plasma Ig-G levels, leucocyte migration and antibody titre,
however superabundant levels (> 1.45% of total diet) deteriorated growth levels
possibly due to excess levels of toxic substances produced by Met metabolism (ie.
homocysteine and sulphuric acid) (Li et al. 2007). Due to the low electronega-
tivity of SAA, the sulfur group readily reacts to reactive oxygen species (ROS)
and is therefore an important amino acid for the anti-oxidant defense system.
Methionine is the initiating amino acid for the production of proteins,
but can be removed post-translation. Due to the hydrophobic nature of Met,
when incorporated in protein, it is typically found in the core, however in some
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proteins Met is found on the surface. These surface Met residues and are sus-
ceptible to oxidation and can act as endogenous antioxidants, and as such can
protect the functionality of the protein (Luo and Levine 2009). Methionine may
also play a role in differentiation and proliferation of lymphocytes via its action
as a polyamine (Li et al. 2007).
Cysteine plays an important role in protein folding due to the ability
to form intra- and inter-chain disulfide bonds. Cysteine is unstable and oxidises
to cystine and in doing so, releases free radicals which contributes to the toxicity
of Cys (Kim et al. 2012b; Litvak et al. 2013). Methionine is also required
for the production of choline which is essential for nerve function and leukocyte
production (Li et al. 2007).
Studies have demonstrated that immune system stimulation with LPS
injections increases the requirement for Met and conversion to Cys in growing
pigs (Kim et al. 2012b; Litvak et al. 2013). In a model using E.coli -induced sep-
sis in rats, it was suggested that infection increased cysteine metabolism and its
requirement (Malmezat et al. 2000). Bauchart-Thevret et al. (2009) found that
SAA deficiency increased the intestinal Met cycle activity and suppressed epithe-
lial growth in new-born piglets. Rakhshandeh et al. (2007) demonstrated that
growing pigs have an increased need for dietary SAA when the immune system
was stimulated with an intramuscular injection of LPS. In these studies, 40-50 kg
pigs were fed daily amounts of SAA that were below requirements for maximum
nitrogen (N) retention. N retention was reduced in pigs that were injected with
LPS, which coincided with increased plasma levels of cytokines and APP. Also,
a recent study by Kim et al. (2012b) demonstrated that feeding a high SAA diet
to pigs with LPS-induced immune system activation significantly improved feed
conversion ratio and body protein deposition from 58 g to 66 g/day. Cysteine
deficiency causing GSH depletion impairs the immune response by decreasing
lymphocyte proliferation, cytotoxic T-cell activity and IFN-γ production (Obled
et al. 2004).
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Glutathione (consisting of Cys, Glu and glycine) has antioxidant, nu-
trient metabolism and cytoprotective functions (Wu et al. 2004) and is essential
for gut function by protecting epithelial cell damage in rats (Aw et al. 1992).
Intracellular GSH may also act as a regulator in signaling pathways in response
to immune challenges (Li et al. 2007). Glutathione acts as a ROS scavenger and
is oxidized to GSSH. Glutathione peroxidase is a catalyst for reduction of H2O2
and other peroxides and is glutathione dependent. The reduced form of GSH
accounts for 90% of the GSH pool while less than 10% exists in the disulfide
form (GSSH). Conversely, GSSH is reduced to GSH by GSH-reductase, which is
NADPH dependent. Wu et al. (2004) suggested that supplementation of GSH
precursors (such as SAA) would have beneficial effects on gut mucosal function.
Glutathione in antigen-processing cells modulate immune response and antibody
production (Li et al. 2007). Deficiency of GSH reduces CD4 numbers, produc-
tion of IFN-γ, decreases production of lymphocytes and reduces cytotoxic T-cell
activity (Li et al. 2007). Increased GSH concentration in monocytes has been
demonstrated to decrease production of inflammatory cytokines namely IL-1 and
TNF-α (Obled et al. 2004). New born pigs fed SAA-deficient diets were found
the to have poorer intestinal characteristics than control pigs fed diets including
SAA including villus atrophy, reduced crypt depth, reduced intestinal epithelial
cell growth and diminished redox capacity (Bauchart-Thevret et al. 2009). This
was attributed to the reduced concentration (and hence antioxidative activity) of
Cys, GSH and taurine in combination with low protein synthesis. Additionally,
Cys is known to be IAP inhibitor (Lalle`s 2010).
Cysteine can be converted to taurine, which has multiple roles such
as maintenance of osmolarity, stabilization of membranes, conjugation of bile
in acids and antioxadative activity. In lymphocytes, the free amino acid pool
consists of more than 50% taurine indicating its importance in immune and in-
flammatory functions (Redmond et al. 1998). Taurine also serves as an important
antioxidant as it both scavenges reactive oxygen species as well as maintains GSH
levels and GSH peroxidase (Ebrahim and Sakthisekarn 1997). Taurine also re-
duces production of pro-inflammatory cytokines (IL-1, IL-6 and TNF-α) and is
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most abundant free amino acid in lymphocytes (Li et al. 2007).
2.8.2 Requirement Estimates of SAA in Weaner Pigs
It is known that Met has a bitter taste, and a sulfur smell (Edmonds et al.
1987). Excess SAA has been demonstrated to have negative effects on pigs.
For example Edmonds et al. (1987) used a self-selection experimental design
and found that pigs preferred diets containing 4% excess Thr, Lys and Arg over
those that contained excess Met (+4%). Supplementation of Cys (25% above
requirement) had a negative impact on gut morphology and decreased jejunal
mass in pigs (Harte et al. 2003). Therefore it is important to not oversupply SAA
in diets as it will have a negative impact on feed intake (presumably consequently
on daily gain) and gut development.
Similar to Trp, the estimates of requirement for SAA vary between
studies. Work by Owen et al. (1995) found that in 5- to 10-kg pigs an apparent
ileal digestible ratio of 0.52 SAA:Lys was required for maximum growth. An
optimum ratio of 0.64 apparent ileal digestible SAA:Lys was found by Matthews
et al. (2001) to maximise growth, whilst work by Gaines et al. (2004) in pigs
weighing 8 to 26 kg found an optimum to true ileal digestible ratio of 0.59 and 0.61
for maximum daily gain and G:F, respectively. The National Research Council
(2012) recommends a SID SAA:Lys ratio of 0.550 and 0.556 for pigs between 5-7
kg and 7-11 kg, respectively and It was suggested by Chung and Baker (1992)
that differences in estimates of SAA:Lys requirements could be due to problems
in analysis of SAA, lack of information on availability of SAA in basal diets and
(or) differences in SAA levels in feed ingredients. Furthermore, Gaines et al.
(2005) suggested that differences can also be due to how the SAA:Lys ratio is
calculated and methods used to estimate requirements (i.e. statistical modelling).
Similar to Trp, therefore, a knowledge gap of the requirement for SAA in weaner
pigs under conditions of immune or inflammatory stress has not been extensively
researched.
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Figure 2.2: Methionine metabolism via transmethylation (TM), trans-
sulphuration (TS), and remethylation (RM) from Ball et al (2006).
The numbers represent the following enzyme or reaction sequences: 1)
L-methionine-S-adenosyl-transferase; 2) transmethylation reaction; 3)
adenosyl-homocysteinease; 4) cystathionine β-synthase; 5) cystathionase;
6) multiple reactions leading from methionine to sulphate or taurine,
with cysteine used for GSH or protein synthesis or the reversible con-
version between cysteine and cystine; 7) betaine-homocysteine methyl
transferase; 8) methyltetrahydrofolate homocysteine methyltransferase;
9) choline dehydrogenase and betaine aldehyde dehydrogenase; 10) serine
hydroxymethylase; and 11) methylene tetrahydrofolate reductase.
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2.9 Conclusions
Diets for weaner pigs formulated for the correct inclusion of Trp and SAA, and
hence ratio to Lys, may mitigate the effects of low feed intake, help restore gut
function and structure as well as support the immune system so as to maximise
growth and feed efficiency in the weaning phase of pig production. The overall
hypothesis of this thesis is that the stressors of weaning resulting in the immuno-
logical and inflammatory responses would increase the requirement for Trp and
SAA and that the current NRC (2012) recommendations do not meet the re-
quirements for these responses and to maximize growth and feed efficiency in
pigs. The overall aim of this thesis is to determine optimum ratios of Trp and
SAA to Lys in the diets of weaner pigs under conditions of infection with ETEC
or inflammatory challenge, so as to provide practical recommendations for com-
mercial diet formulation under such conditions. Furthermore, I examined the role
Trp and SAA in the absence of AMC to support the immune system. Specifically,
this thesis will examine:
1. The effect of supplementation of Trp in the diets on production perfor-
mance, inflammation and GIT structure and function of weaner pigs sup-
plied with or without AMC, and with or without infection with ETEC
(Chapter 3).
2. The optimum SID Trp:Lys ratio for production performance in weaner pigs
housed under commercial conditions (Chapter 4).
3. The effect of supplementation of SAA in the diets on production perfor-
mance, inflammation and GIT structure and function of weaner pigs sup-
plied with or without AMC, and infected with ETEC. (Chapter 5).
4. The optimum SID SAA:Lys ratio for production performance and inflam-
mation of piglets challenged with an experimental model of ETEC and not
provided with AMC (Chapter 6).
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5. The optimum SID SAA:Lys ratio for production performance in weaner
pigs housed under commercial conditions (Chapter 7).
6. The effect on performance, inflammation and immune function of additional
SAA and Trp in the diet of weaner pigs under conditions of experimental
infection with ETEC (Chapter 8).
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3.1 General Introduction
At weaning, the young pig is subjected to a myriad of stressors (e.g., change
in nutrition, separation from mother and littermates) that cause a post-weaning
“growth check” that is characterised by sub-optimal feed intake and growth. Post-
weaning diarrhea is one of the factors contributing to this growth check (Pluske
et al. 1997). Post-weaning diarrhea is a condition characterised by frequently
discharged watery faeces within the first two weeks after weaning (Fairbrother et
al. 2005). Post-weaning diarrhoea is a multifactorial disease and its pathogenesis
still remains unclear, however it is generally associated with the presence of large
numbers of enterotoxigenic E. coli (ETEC) in the small intestine in the post-
weaning period (Hopwood and Hampson 2003). These ETEC attach to receptors
on the small-intestinal cells where they produce one or more toxins. These pro-
cesses cause diarrhea and a range of other effects including, but not limited to,
dehydration, reduced feed intake, reduced nutrient digestibility, reduced growth
and in some cases, death (Fairbrother et al. 2005). For these reasons it is com-
monplace to include antimicrobial compounts (AMC) in the diet of weaner pigs.
Tryptophan (Trp) is an essential amino acid that must be supplied in the
pigs’ diet, because when dietary supply of Trp is low compared to other essential
amino acids, reduced protein synthesis and accretion occurs. Work by Le Floc’h
et al. (2006, 2009) showed that pigs kept in a ‘poor’ sanitary environment having
a high pathogenic bacterial load and showing low-grade inflammation, responded
to a greater Trp requirement. However this study did not replicate post-weaning
diarrhoea using an ETEC infection model because the study was done in a com-
mercial piggery, and therefore it cannot be known if high levels of ETEC infection
contributed to the ‘poor’ sanitary environment or possibly other environmental
contaminants/diseases. Therefore, it represented a significant knowledge gap in
the role of Trp in mediating the immune response to ETEC infection.
The overall aim of the experiments in this chapter is to examine whether
incorporating higher levels of tryptophan into a weaner pig diet than are currently
50
Chapter 3. Experiment 1
recommended will have beneficial effects on production, markers of inflammation
and immunology, as well as gastointestinal tract structure and function following
infection with ETEC and in particular, in the absence of in-feed AMC. The data
presented in this chapter are derived from the same experiment, but separated
into Part A and B by response criteria.
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3.2.1 Abstract
This experiment examined if immune system stimulation of weaner pigs, initiated
by inoculation by an enterotoxigenic strain of Escherichia coli (ETEC), increased
the requirement for dietary tryptophan (Trp), modulated the inflammatory re-
sponse, altered plasma levels of Trp and its metabolite kynurenine (Kyn) and
effected post-weaning diarrhoea. Individually housed pigs (n = 72) weaned at
21 d of age were allocated to one of six treatments (n = 12) according to a two
by three factorial arrangement of (1) with or without ETEC infection and (2)
three dietary ratios of standardised ileal digestible (SID) Trp to lysine (Lys) (SID
Trp:Lys) of 0.16, 0.20 or 0.24, in a completely randomised block design. Pigs had
ad libitum access to diets (per kg 14.13 MJ ME, 12.4 g SID Lys, 195 g crude pro-
tein) for 3 weeks after weaning. Pigs were infected with ETEC (O149:K98:K88)
at 72, 96 and 120 h after weaning and then bled on day 3, 11 and 19. An in-
creased dietary Trp:Lys ratio increased plasma Trp and Kyn (p < 0.001) without
effect of infection. On day 3, pigs fed 0.24 SID Trp:Lys had lower levels of plasma
urea than at 0.20 Trp:Lys (p = 0.047) and on day 11, plasma urea was lower at
0.20 than at 0.16 SID Trp:Lys (p = 0.007). Infection increased (p = 0.039) the
diarrhoea index and deteriorated faecal consistency from day 4–10 (p < 0.05).
Treatments did not affect haptoglobin and acid soluble glycoprotein levels or
daily gain and feed intake. However, 0.24 SID Trp:Lys improved (p = 0.021) feed
efficiency without an effect of infection. In conclusion, in the absence of dietary
antibiotic growth promotants, increasing the dietary SID Trp:Lys ratio to 0.24
improved feed conversion ratio after weaning and increased plasma levels of Trp
and Kyn regardless of infection with E. coli.
Keywords: acute-phase proteins; diarrhoea; E. coli ; infection; kynurenine; pigs;
tryptophan
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3.2.2 Introduction
A number of recent reports have demonstrated that requirements for several es-
sential amino acids are increased when the pig’s immune system is activated
(Li et al. 2007; de Ridder et al. 2012; Kim et al. 2012; Rakhshandeh et al.
2014). Amongst these, tryptophan (Trp) is associated with many important
physiological functions. The degradation of Trp to kynurenine (Kyn) via 2,3-
indoleamine dioxygenase (IDO), which increases during periods of inflammation,
and the greater concentration of Trp in acute-phase proteins (APP) indicate that
under conditions of immune system stimulation the requirement for Trp will likely
be greater (Moffett and Namboodiri 2003; de Ridder et al. 2012). Le Floc’h et al.
(2006, 2009) found that unsanitary housing, which the authors predicted would
cause an inflammatory response, decreased plasma levels of Trp but increased
Kyn levels, and that pigs fed more Trp (0.20 versus 0.15 standardised ileal di-
gestible (SID) Trp:Lys) were able to maintain plasma levels of Trp compared to
unsupplemented pigs under inflammatory conditions. Further work by Trevisi et
al. (2009) using an oral enterotoxigenic strain of E. coli (ETEC) infection model
found that increasing the Trp:Lys ratio from 0.20 to 0.28 increased feed intake
and maintained growth in ETEC-susceptible pigs, but did not affect faecal consis-
tency or shedding of ETEC, thereby partially compensating for immune system
stimulation caused by ETEC infection. These data indicate an increased need
for Trp during immune stress.
The NRC (2012) currently recommends a diet with a SID Trp:Lys of
0.16 for pigs between 7 and 25 kg, however, it does not take into account health
status of the pig. However as indicated earlier, current levels might not be suf-
ficient for pigs raised in commercial production systems where clinical and sub-
clinical infections occur, and particularly in the immediate post-weaning period
where post-weaning diarrhoea (PWD) caused by ETEC can be common. This
disease is one of the factors contributing to the post-weaning growth check (Heo
et al. 2009), and is a condition characterised by frequently discharged watery fae-
ces within the first 2 weeks after weaning and is associated with the proliferation
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of some strains of ETEC (Fairbrother et al. 2005). Antimicrobial growth pro-
motants (AGP) such as antibiotics and high levels of zinc oxide have been used
to overcome the potential negative effects of E. coli (Fairbrother et al. 2005).
Nevertheless, alternative strategies are required due to restrictions or bans on
AGP use and increasing concerns about antimicrobial resistance and the impact
of zinc on the environment (Heoet al. 2013).
The overall aim of this experiment was to examine whether incorporat-
ing higher than recommended (NRC 2012) levels of Trp into a weaner diet without
AGP would improve indices associated with inflammation and the immune re-
sponse following infection with ETEC, influence the frequency and duration of
PWD, and have beneficial effects on production. The present study tested the
hypothesis that pigs challenged with an ETEC would have a greater requirement
for Trp than pigs without ETEC challenge as measured by plasma levels of APP,
Trp and its metabolite Kyn and effects on production measurements.
3.2.3 Materials and Methods
The experimental protocol was reviewed and approved by the Animal Ethics
Committee of the Department of Agriculture and Food Western Australia (AEC
3-11-17) and Murdoch University (R2436/11).
3.2.3.1 Experimental Design
A total of 72 pigs were stratified into one of six treatments (n = 12) according to
a two by three factorial arrangement of (1) without and with ETEC infection and
(2) three dietary ratios of SID Trp to Lys of 0.16, 0.20 and 0.24, in a completely
randomised block design. Pigs were fed experimental diets for 3 weeks after
weaning and infection with ETEC occurred at 72, 96 and 120 h after weaning.
Diets were formulated to meet the minimum recommendations according to NRC
(2012) guidelines with the exception of Trp and Lys.
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3.2.3.2 Animals, Housing and Diets
The 72 pigs (6.3 ± 1.13 kg; mean ± SD; Large White x Landrace, mixed sex) were
sourced from a commercial piggery at weaning (21 days of age). Upon arrival,
pigs were randomly allocated to treatments according to initial body weight and
block within the facility. Pigs were housed individually with a space allowance of
0.4 m2, with a feeder and a nipple bowl drinker situated in each pen. All pens were
contained within the same room, with uninfected pigs located at the front of the
room so that the workflow was directed from uninfected pigs to infected pigs to
prevent possible contamination to the non- infected pigs. Ambient temperature
was maintained at 29 ± 1◦C for the first week and decreased by 2◦C in subsequent
weeks. Pigs had ad libitum access to water and the experimental diets for 3 weeks
after weaning. Pigs were monitored twice daily and were weighed weekly until
day 21. Feed was available to the piglets in excess, and feed intake was estimated
as feed disappearance with feed wastage recorded daily and feed refusal recorded
weekly per pen.
A basal diet based on wheat, barley, whey and soya bean meal was
formulated to contain 14.13 MJ ME and 10.4 MJ NE as calculated (Sauvant and
Perez 2004). Formulation of amino acids in the diet was based on analysed amino
acid contents of ingredients and established SID coefficients to achieve sufficient
levels of all nutrients, except Trp and Lys (Sauvant and Perez 2004). Diets
were formulated such that Lys was marginally limiting at 92% of requirement as
outlined for 7–11 kg pigs (NRC 2012). Two graded levels of L-Trp were added to
basal diets to create three dietary levels of SID Trp: Lys (0.16, 0.20 and 0.24).
Diets did not contain AGP and were fed in meal form. The diet composition and
analysed chemical composition are presented in Tables 1 and 2.
3.2.3.3 Experimental infection with E. coli and measurements of PWD
The inoculation culture of ETEC was grown as described by Heo et al. (2009).
Infection with 6, 8, and 10 mL of ETEC (2.16 x 108 CFU/mL, β-haemolytic
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serotype O149:K98:K88; toxins LT, ST, and STb) occurred at 72, 96, and 120
h after weaning, respectively. The inoculation procedure involved mild restraint
with inoculum administered orally via a drench gun in 2 mL aliquots..
Faecal consistency was assessed daily for 14 d after weaning using a
four-point scale. Faeces were given a score of (1) firm, (2) soft, spreads slightly,
(3) very soft, spreads easily or (4) watery liquid consistency with the latter being
considered diarrhoea. This score was then converted to percentiles such that 1
= 0%, 2 = 33.3%, 3 = 66.7% and 4 = 100%, to allow for statistical analysis.
The diarrhoea index (DI) was calculated as the mean proportion of days with
diarrhoea with respect to 14 d after weaning (Heo et al. 2009).
Faecal shedding of β-haemolytic ETEC was assessed on day 0, 3, 5, 7,
9, 11 and 14 after weaning by inserting a cotton swab into the anus. Swabs were
then used to inoculate sheep blood (50 mL/L) agar plates (PathWest, Western
Australia). Plates were incubated overnight at 37◦C and were assessed based on
morphology and haemolysis. Scores were given to plates on a six-point scale from
0 to 5 where 0 = no growth and 5 = growth in the fifth section of the plate (Heo
et al. 2009).
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Table 3A.1: Composition of Experimental Diets [g/kg as fed basis]
SID# Trp:Lys 0.16 0.20 0.24
Ingredients [g/kg]
Wheat 434.8 434.8 433.8
Barley 200.0 200.0 200.0
Soyabean Meal 199.3 199.3 199.3
Whey Powder 100.0 100.0 100.0
Canola Oil 28.2 28.2 28.2
Dicalcium Phosphate 13.4 13.4 13.4
Limestone 8.9 8.9 8.9
Salt 1.0 1.0 1.0
Choline Chloride 0.2 0.2 0.2
Mineral Vitamin Premix∗ 2.0 2.0 2.0
L - Lys 5.51 5.51 5.51
L -Thr 2.52 2.52 2.52
DL - Met 2.38 2.38 2.38
L - Val 1.36 1.36 1.36
L - Ile 0.56 0.56 0.56
L - Trp − 0.51 1.01
Calculated Composition
Metabolisable energy [MJ/kg] 14.13 13.14 14.13
Net Energy† [MJ/kg] 10.40 10.40 10.40
Crude Protein [g/kg] 196.0 196.0 196.0
SID Amino Acids #
Lys 12.4 12.4 12.4
Met 4.8 4.8 4.8
Met + Cys 7.8 7.8 7.8
Thr 8.2 8.2 8.2
Ile 7.2 7.2 7.2
Leu 12.0 12.0 12.0
Arg 10.1 10.1 10.1
His 4.1 4.1 4.1
Phe 7.9 7.9 7.9
Trp 2.1 2.6 3.1
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# SID, standardised ileal digestible (SID amino acid contents were calculated
based on analysis of feed ingredients and tables from Sauvant and Perez 2004);∗
Provided per kg air dry diet: vitamin A 7000 IU, vitamin D3 1400 IU, vitamin
E 20 mg, vitamin K 1 mg, thiamine 1 mg, riboflavin 3 mg, pyridoxine 1.5 mg,
cyanocobalamin 15 µg, calcium pantothenate 10.7 mg, folic acid 0.2 mg, niacin 12
mg, biotin 30 µg, Co 0.2 mg (as cobalt sulphate), Cu 10 mg (as copper sulphate),
iodine 0.5 mg (as potassium iodine), iron 60 mg (as ferrous sulphate), Mn 40
mg (as manganous oxide), Se 0.3 mg (as sodium selenite), Zn 100 mg (as zinc
oxide) (provided by Biojohn Pty Ltd., WA, Australia); † Net energy values were
calculated as per Sauvant and Perez (2004).
59
Chapter 3. Experiment 1 Part A
Table 3A.2: Analysed chemical composition
SID# Trp:Lys 0.16 0.20 0.24
Analyzed Chemical composition
. Gross energy [MJ/kg] 17.1 171 17.1
Crude protein [g/kg] 197.3 192.6 195.3
Amino acids [g/kg]
Met 5.0 4.8 4.8
Cys 3.6 3.6 3.6
Lys 13.8 13.1 13.1
Thr 9.5 9.1 9.2
Trp 2.4 2.8 3.3
Arg 10.9 10.5 10.9
Ile 7.9 7.6 8.1
Leu 13.9 13.4 13.9
Val 9.9 9.2 9.7
His 4.5 4.4 4.5
Phe 8.8 8.5 8.8
Gly 7.5 7.3 7.5
Ser 9.3 9.2 9.1
Pro 13.0 12.9 13.1
Ala 7.7 7.5 7.7
Asp 16.5 15.9 16.2
Glu 40.9 41.0 41.0
SID #Trp:Lys 0.17 0.22 0.26
#
SID, standardised ileal digestible (SID amino acid contents were calculated
based on analysis of feed ingredients and tables from Sauvant and Perez 2004).
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3.2.3.4 Blood sampling and analysis
Blood was collected on day 3, 11 and 19 after weaning via jugular venipuncture
into a 9 mL heparinised vacutainer. Samples were immediately placed on ice
before being centrifuged for 15 min at 2000 g. Plasma was then recovered and
stored at 20◦C until analysis. Plasma Trp and Kyn levels on d 11 were determined
using HPLC on a reverse-phase C-18 column (Laich et al. 2002). An Olympus
AU400 (Tokyo, Japan) analyser was used to determine plasma levels of the acute
phase proteins (APP) haptoglobin (Makimura and Suzuki 1982) and acid soluble
glycoprotein (ASG) (Tecles et al. 2007), and also plasma urea (PU; Olympus
Reagent Kit OSR6134, Beckman Coulter Ireland Inc., Co. Clare, Ireland).
3.2.3.5 Statistical Analysis
All statistical analyses were performed using 2-way ANOVA in GenStat (Version
15, VSN International) with Trp:Lys level and infection with ETEC as factors
and the individual pig as the experimental unit. Where treatment effects were
significant the means were separated using Fisher’s protected least significant
difference test. Faecal consistency and faecal shedding of ETEC were further
analysed in GenStat using the repeated measures function. Statistical significance
was accepted at p < 0.05 and 0.05 < p < 0.10 was considered a trend. Sex was
not included in the final statistical model as it had no effect.
3.2.4 Results
3.2.4.1 Plasma levels of Trp, Kyn, APP and PU
Plasma levels of Trp and Kyn were higher (p < 0.001) in pigs fed SID Trp:Lys
ratios of 0.20 and 0.24 than 0.16 (Table 3). No effects of infection or interaction
between the SID Trp:Lys ratio and infection were observed for plasma Trp. The
PU levels before ETEC infection on day 3 were highest in pigs fed a 0.20 SID
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Trp:Lys ratio and lowest in pigs fed 0.24 SID Trp:Lys (p = 0.046). However, after
ETEC infection on day 11, PU levels were highest in pigs fed 0.16 SID Trp:Lys
and lowest in pigs fed 0.20 SID Trp:Lys (p = 0.007). Haptoglobin levels were not
affected by the Trp:Lys ratio, infection, or the interaction between SID Trp:Lys
and infection for any time point (Table 3).
Levels of ASG were not affected by infection for any time point. No
treatment effects were observed for ASG levels before ETEC infection on day 3.
After ETEC infection, on day 11, a trend for an interaction between SID Trp:Lys
and infection was observed such that ASG levels were higher in pigs infected and
fed 0.24 SID Trp:Lys than pigs not infected and fed the same diet as well as pigs
fed a diet of 0.16 SID Trp:Lys and infected (p = 0.079). By day 19, ASG levels
were influenced by the SID Trp:Lys ratio such that pigs fed a 0.20 Trp:Lys ratio
had higher levels than pigs fed other levels (p = 0.028; Table 3).
3.2.4.2 PWD, faecal shedding of ETEC and production indices
Infection increased the DI (p= 0.039) in the first 14 d after weaning and increased
faecal consistency (more liquid faeces) after infection (day 4–7 and 8–10, p <
0.001; Table 4). There was an interaction effect of time and infection on faecal
consistency score and faecal shedding of ETEC (p < 0.001). Faecal consistency
score increased (became more liquid) in pigs infected with ETEC over time up
until day 4–7 and then declined. Similarly, faecal ETEC score increased in pigs
infected with ETEC until day 5 then decreased. There were no effects of the SID
Trp:Lys ratio nor an interaction between the Trp:Lys ratio and infection for DI
or faecal consistency. Faecal shedding of β-haemolytic ETEC was not different
between groups at day 0 but was increased by infection on day 5, 9, 11 and 14
(p < 0.05–0.01). On day 11, an interaction between the SID Trp:Lys ratio and
infection was seen for faecal ETEC shedding such that pigs infected and fed 0.20
SID Trp:Lys ratio had higher scores than any other treatment group (p= 0.029;
Table 4).
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Pigs fed the diet containing a SID Trp:Lys ratio of 0.24 had a better
feed conversion ratio (FCR) compared to pigs fed other diets for the overall period
(p = 0.021). A trend was found for ADG from day 8 to day 14 for SID Trp:Lys
and interaction with infection (p= 0.066). The SID Trp:Lys ratio did not affect
ADFI (Table 5).
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3.2.5 Discussion
This study was conducted to test the hypothesis that the dietary requirement for
Trp of weaner pigs would be greater when the immune system was stimulated,
as indicated by an enhanced inflammatory state. To test this hypothesis a model
of PWD, in conjunction with the absence of any AGP in the diet, was used to
induce immune system stimulation, with measurements of APP and production
taken. Any effects on PWD were also examined. In order to test this hypothesis,
diets were formulated such that Lys was made the second limiting amino acid
after Trp in the basal diet. With Lys as the second limiting amino acid, then the
breakpoint can be considered the requirement of the tested amino acid (in this
case Trp) relative to Lys (Boisen 2003). It is then assumed that the optimal Trp
to Lys ratio is not affected by concentration Lys in the diet (Boisen 2003).
Haptoglobin and ASG are both positively linked to immune stress and
are both used as indicators of immune system activation during the ‘acute’ phase
(Eckersall et al. 1996). In the present study, neither haptoglobin nor ASG were
affected by infection with ETEC. This could be due to the nature of the acute-
phase response. During the acute-phase response, the levels of these APP show a
sharp increase immediately after infection and decline rapidly thereafter, as their
biological half-lives are relatively short (Eckersall and Bell 2010). In a study com-
paring immune stress models in grower pigs, Rakhshandeh and de Lange (2012)
found that turpentine injections caused the most Severe immune system acti-
vation, lipopolysaccharide (LPS) toxin injections stemmed a sustained chronic
inflammation response and feedstuffs compromised of mycotoxins yielded a min-
imal immune response. Using the turpentine model, which is more likely to elicit
an immune response than the ETEC model used in the present study, Eckersall
et al. (1996) found that haptoglobin and ASG were increased twofold soon af-
ter infection, but decreased to baseline levels on day 8 and 12 after injection,
respectively. Similarly, Jacobson et al. (2004) used an experimental model of
swine dysentery in weaner pigs and found that haptoglobin returned to baseline
levels within 7 days after infection. Furthermore, the use of LPS injection in pigs
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shows clear elevations in APP and markers of the immune response (de Ridder
et al. 2012; Kim et al. 2012; Rakhshandeh and de Lange 2012). The present
study sampled pigs 5 d after infection and elevated levels of APP were expected,
however this did not occur. This suggests that the degree of inflammation in-
duced by this particular model of PWD was of insufficient magnitude relative to
other models of inflammation used in pigs and/or the timing of sampling was not
within the acute phase.
Further support for this notion comes from the PWD data. A study by
Kim et al. (2011) used the same oral infection procedure and fed diets with vary-
ing levels of protein and crystalline amino acids compared with a basal diet with
AGP (control group) in an effort to reduce the incidence, severity and duration
of PWD. The DI found in the present study was similar to the DI found in the
control group fed AGP in the study by Kim et al. (2011), which indicates that a
minimal response, even in DI, was elicited by the ETEC infection model used in
the present study. Furthermore, Trevisi et al. (2009) used an oral ETEC infec-
tion model and two levels of Trp and similarly did not find significant differences
in faecal consistency between Trp levels. The lack of response to infection in the
present study in terms of faecal consistency score and the APP response supports
the notion that while the infection model caused a low level of PWD (deteriorated
faecal consistency and higher DI), it was most likely not severe enough to elicit
an inflammatory response in the gastrointestinal tract.
The PU level is used as an indicator of protein utilisation efficiency as
PU is known to increase when there is an imbalance of amino acids, as excess
amino acids cannot be stored and therefore are degraded with the production of
urea (Heo et al. 2009). Decreasing levels of PU can therefore indicate that either
nitrogen use efficiency is increased or protein breakdown is decreased, which can
be a result of anabolic factors such as growth hormone or protein synthesis or
catabolic factors such as an immune response (Shen et al. 2012). Work by de
Ridder et al. (2012) using a LPS infection model found that increasing dietary
Trp decreased excreted nitrogen, lowered urinary nitrogen and increased protein
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deposition, which indicates that Trp utilisation efficiency was improved with in-
creasing dietary Trp. In the present study, increasing the dietary ratio of SID
Trp:Lys to 0.24 improved FCR. The decreased level of PU on day 11 in the pigs
fed diets with a higher SID Trp:Lys ratio suggests that increasing this ratio above
0.20 improved amino acid utilisation efficiency, which is consistent with the obser-
vations for an improved FCR (Table 3). These data are also in congruence with
the meta-analysis conducted by Simongiovanni et al. (2010), which concluded
that the optimal SID Trp:Lys ratio for pigs between 8 and 20 kg was 0.22 using
a curve-linear plateau model and 0.26 using an asymptotic model with ADG and
ADFI as the response criteria. Simongiovanni et al. (2010) found that the meta-
analysis using feed efficiency as a response criteria yielded lower optimums (0.20
for curve linear plateau and asymptotic) than models with ADG and ADFI as the
response criteria. This was explained by dietary Trp influencing feed intake (and
hence feed efficiency), which is decreased in cases of imbalance of amino acids in
the diet (Ettle and Roth 2004). Thus a large decrease in feed intake results in
more nutrients being partitioned for maintenance, lower growth and poorer feed
efficiency while a smaller decrease in feed intake will comparatively result in only
a slight decrease in growth and better feed efficiency (Simongiovanni et al. 2010).
Increased supplementation of Trp in the diet increased plasma Trp
and its metabolite Kyn. Moffett and Namboodiri (2003) commented that Trp
metabolism along the Kyn pathway plays a large positive role in the immune
response largely due to the enzyme 2,3- IDO. IDO is a key enzyme involved in
the conversion of Trp to Kyn and is upregulated by pro-inflammatory cytokine
interferon-gamma (INF-γ). The three major roles of IDO in immune function
are thought to be first, that IDO is able to mediate antimicrobial effects; second,
that cells activated by INF-γ and capable of producing IDO are able to inhibit
pathogen growth; and third, IDO reduces the availability of Trp for pathogen
growth (Trp depletion theory) (Le Floc’h and Se`ve 2007). The APP such as hap-
toglobin and fibrinogen are also known to contain high levels of Trp, thus under
conditions of immune stress, particularly during the acute phase, the availability
of Trp for protein deposition may be decreased with the additional production
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of these APP (de Ridder et al. 2012). The circulating Trp and Kyn levels found
in the present study suggest that the dietary Trp is either being catabolised for
increased protein deposition or to moderate the minimal immune response that
occurred. However and unfortunately without measurements of INF-γ or IDO,
this cannot be confirmed.
While the overall aim of this study was not achieved, mostly due to
insufficient immune challenge, providing 0.24 SID Trp:Lys improved FCR and
providing above 0.20 SID Trp:Lys suggests that protein utilisation efficiency was
improved (as measured by PU). Furthermore, circulating levels of Trp and its
metabolite Kyn indicated the additional Trp was being utilised. These data
suggest that the optimum dietary ratio of SID Trp:Lys ratio likely lies between
0.20 and 0.24 for weaner pigs not supplied with AGP and regardless of infection
with ETEC. It is suggested that a titration with five or more levels of Trp:Lys
and validation in a commercial setting should be conducted to determine the
optimum Trp:Lys ratio and its commercial application.
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3.3.1 Summary Text
This experiment aimed to examine if pigs fed higher levels or trypto-
phan would improve gut morphology and function of weaner pigs experimentally
infected with Escherichia coli. The experiment indicated that gut integrity may
be maintained by supplementation with tryptophan as measured by intestinal
alkaline phosphatase.
3.3.2 Abstract
This experiment aimed to determine if supplementation of diets with higher levels
of tryptophan (Trp) would improve markers of inflammation, and gut integrity
and health following experimental infection with E. coli. Individually housed pigs
(n =56, Landrace x Large White) were allocated according to weaning weight (6.3
± 0.98 kg; mean ± SD) in to one of four treatments. The treatments had a two
by two factorial design of (i) with or without antimicrobial compounds (AMC;
lincomycin, spectomycin and zinc oxide) in the diet and (ii) low or high (0.16
and 0.24) standardised ileal digestible (SID) ratios of Trp to lysine (Lys). Pigs
had ad libitum access to the diet (10.4 MJ NE/ kg, 12.4 g/kg SID Lys, 195 g
crude protein) for the duration of the experiment. Pigs were infected with an
enterotoxigenic Escherichia coli (ETEC) at 72, 96 and 120 h after weaning and
bled on d 3 and 11. Plasma levels of acid soluble glycoprotein tended to be lower
in pigs fed high Trp and AMC than pigs fed low Trp and no AMC on d 11 (P
=0.075). Plasma Trp on d 11 was higher in pigs fed higher levels of Trp (P =
0.020) and lower in pigs fed AMC (P = 0.022). On d 4, activity of aminopeptidase
N was lower in pigs fed higher Trp than pigs fed lower Trp (P = 0.008). Gene
expression of 2,3 indoleamine dioxygenase was lower in pigs fed low levels of Trp
on d 4 (P =0.039). On d 11, gene expression of intestinal alkaline phosphatase
was higher in pigs fed high Trp than in pigs fed low Trp (P = 0.022) and pigs fed
AMC (P = 0.022). Pigs fed diets supplemented with Trp may produce the same
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level of gut integrity (as measured by intestinal alkaline phosphatase expression)
under conditions of infection with ETEC as pigs fed diets containing AMC.
Keywords: E. coli, gut, pig, tryptophan, weaner.
3.3.3 Introduction
Post-weaning diarrhea (PWD) is one of the factors contributing to the post-
weaning growth check, and a major source of productivity loss in the pork indus-
try (Pluske et al. 1997). It is a condition characterised by frequently discharged
watery faeces within the first two weeks after weaning (Heo et al. 2013). Post-
weaning diarrhea is a multifactorial disease and is generally associated with the
presence of large numbers of enterotoxigenic E. coli (ETEC) in the small intes-
tine in the post-weaning period (Hopwood and Hampson 2003). These processes
cause an accumulation of water and ions in the large intestine that in turn cause
diarrhea and a range of other effects including, but not limited to, dehydration,
reduced feed intake, reduced nutrient digestibility, reduced growth and in some
cases, death (Heo et al. 2013). In this regard, it is common for many pigs to
receive antimicrobial compounds (AMC), such as antibiotics and (or) high levels
of zinc oxide (ZnO), to overcome the potential negative effects of E. coli and
to reduce inflammatory effects in the gastrointestinal tract (Halas et al. 2007).
However the antibiotic ban in the EU and the environmental impact of zinc means
that continued use of such products is not feasible, so an alternative strategy is
required (Heo et al. 2013).
Tryptophan (Trp) is an essential amino acid that must be supplied in
the pigs’ diet, because when dietary supply of Trp is insufficient, reduced protein
synthesis and accretion occurs. A standardised ileal digestible (SID) Trp to lysine
(Lys) ratio of 0.16 is recommended by the (National Research Council 2012).
Plasma levels of Trp decline in numerous species including pigs suffering from
gastrointestinal tract illnesses and inflammation, suggesting an increased need
for Trp in such situations. For example, (Melchior et al. 2005) reported that in
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comparison to pigs fed a diet higher in Trp, pigs fed a diet with reduced Trp levels
suffered from inflammation of the respiratory epithelial surface (in a model of lung
inflammation) and did not maintain their plasma Trp levels. Furthermore, pigs
with low-grade inflammation (induced by poor sanitary conditions) responded
to a greater Trp requirement (Le Floc’h et al. 2006; Le Floc’h et al. 2009).
However, Le Floc’h et al. (2006 and 2009) did not replicate PWD using an
ETEC infection model because the study was done in a commercial piggery, and
therefore it cannot be known if high levels of ETEC infection caused the ‘poor’
sanitary environment or possibly other environmental contaminants/diseases.
This experiment was conducted to test the hypothesis that supplement-
ing diets with higher levels of SID Trp:Lys will improve markers of inflammation,
integrity and health of the small intestine and production traits, following infec-
tion with ETEC. To assess the potential positive impacts of feeding higher SID
Trp:Lys levels, we used a negative control of a diet containing commonly used
AMC with recommended levels of SID Trp:Lys, and a negative control of diets
with inclusion of AMC and a higher level of SID Trp:Lys.
3.3.4 Materials and Methods
The experimental protocol was reviewed and approved by the Animal Ethics
Committee of the Department of Agriculture and Food Western Australia (AEC
3-11-17) and Murdoch University (R2436/11).
3.3.4.1 Experimental Design
A total of 56 pigs was stratified into one of four treatments (n = 14) according
to a two by two factorial arrangement of (i) without and with AMC (lincomycin,
spectinomycin and ZnO) and (ii) two dietary ratios of (calculated) standardised
ileal digestible (SID) Trp to Lys of 0.16 and 0.24 in a completely randomised
block design. On d 0 pigs (n=7 per treatment per day) were allocated to be
sacrificed on either d 4 or 11 after weaning. Pigs were fed experimental diets
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until the day of sacrifice and infection with ETEC occurred at 72, 96 and 120
h after weaning. Diets were formulated to meet the minimum recommendations
according to National Research Council (2012) guidelines with the exception of
Lys and Trp.
3.3.4.2 Animals, Housing and Diets
The 56 pigs (6.3 ± 0.98 kg; mean ± SD (Large White x Landrace, mixed sex))
were sourced from a commercial piggery at weaning (21 d of age). Upon arrival,
pigs were randomly allocated to treatments according to initial body weight and
block within the facility. Pigs were housed individually with a space allowance
of 0.4 m2, with a feeder and a nipple bowl drinker situated in each pen. All pens
were contained within the same room. Ambient temperature was maintained at
29 ± 1◦C. Pigs had ad libitum access to water and the experimental diets until
sacrifice. Pigs were monitored twice daily and were weighed before sacrifice.
A basal diet based on wheat, barley, whey and soybean meal was for-
mulated to contain 10.4 MJ NE. Formulation of the diet was based on analysed
amino acid contents of ingredients and established SID coefficients to achieve suf-
ficient levels of all nutrients, except Trp and Lys (Sauvant et al. 2004; National
Research Council 2012). Diets were formulated such that Lys was marginally
limiting at 92% of requirement as outlined for 7-11 kg pigs (National Research
Council, 2012). L-Trp was added to basal diets to create the higher Trp level
of 0.24 SID Trp:Lys. Diets containing AMC had 2 g/kg of Lincospectin Feed
Premix (Pfizer Australia, NSW, Australia) and 2.5 g/kg of ZnO at the expense
of wheat. Before diet manufacture, feed ingredients were sampled and analysed
for amino acid content, and diet formulations were then recalculated to take the
analysed values into account. Diets were fed in meal form.
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Table 3B.1: Composition of Experimental Diets (g/kg as fed basis)
AMC Without AMC With AMC
SID Trp:Lys 0.17 0.25 0.17 0.25
Ingredients (g/kg)
Wheat 434.8 433.8 430.2 429.2
Barley 200.0 200.0 200.0 200.0
Soybean meal 199.3 199.3 199.3 199.3
Whey powder 100.0 100.0 100.0 100.0
Canola oil 28.2 28.2 28.2 28.2
Dicalcium phosphate 13.4 13.4 13.4 13.4
Limestone 8.9 8.9 8.9 8.9
Salt 1.0 1.0 1.0 1.0
Choline chloride 0.2 0.2 0.2 0.2
Mineral vitamin premixA 2.0 2.0 2.0 2.0
Lys 5.51 5.51 5.51 5.51
Thr 2.52 2.52 2.52 2.52
Met 2.38 2.38 2.38 2.38
Val 1.36 1.36 1.36 1.36
Ile 0.56 0.56 0.56 0.56
Trp 1.01 1.01
Zinc Oxide 2.5 2.5
Lincospectin 2.0 2.0
Calculated composition
NE (MJ/kg) 10.40 10.41 10.40 10.41
Crude protein 196 196 196 196
SID amino acidsB
Lys 12.4 12.4 12.4 12.4
Met 4.8 4.8 4.8 4.8
Met + Cys 7.8 7.8 7.8 7.8
Thr 8.2 8.2 8.2 8.2
Ile 7.2 7.2 7.2 7.2
Val 8.8 8.8 8.8 8.8
Leu 12.0 12.0 12.0 12.0
Arg 10.1 10.1 10.1 10.1
His 4.1 4.1 4.1 4.1
Phe 7.9 7.9 7.9 7.9
Trp 2.1 3.1 2.1 3.1
A Provided per kg air dry diet: vitamin A 7000 IU, vitamin D3 1400 IU, vitamin
E 20 mg, vitamin K 1 mg, thiamine 1 mg, riboflavin 3 mg, pyridoxine 1.5 mg,
cyanocobalamin 15 µg, calcium pantothenate 10.7 mg, folic acid 0.2 mg, niacin 12
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mg, biotin 30 µg, Co 0.2 mg (as cobalt sulphate), Cu 10 mg (as copper sulphate),
iodine 0.5 mg (as potassium iodine), iron 60 mg (as ferrous sulphate), Mn 40 mg
(as manganous oxide), Se 0.3 mg (as sodium selenite), Zn 100 mg (as zinc oxide)
(provided by Biojohn Pty Ltd., WA, Australia);
B SID= standardised ileal digestible (SID amino acid contents were calculated
based on analysis of feed ingredients and tables from Sauvant and Perez 2004)
Abbreviations: AMC = antimicrobial compounds
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Table 3B.2: Analysed composition of diets (g/kg)
AMC Without AMC With AMC
SID Trp:Lys 0.17 0.25 0.17 0.25
Gross energy (MJ/kg) 17.1 17.1 17.0 17.0
Crude protein 197 195 194 194
Amino acids (g/kg)
Met 5.0 4.8 4.7 4.9
Cys 3.6 3.6 3.5 3.6
Lys 13.8 13.1 13.0 13.3
Thr 9.5 9.2 9.0 9.1
Trp 2.4 3.3 2.4 3.3
Arg 10.9 10.9 10.8 1.06
Ile 7.9 8.1 7.8 7.6
Leu 13.9 13.9 13.7 13.6
Val 9.9 9.7 9.8 9.1
His 4.5 4.5 4.5 4.5
Phe 8.8 8.8 8.8 8.6
Gly 7.5 7.5 7.5 7.4
Ser 9.3 9.1 9.2 9.2
Pro 13.0 13.1 13.2 13.2
Ala 7.7 7.7 7.7 7.8
Asp 16.5 16.2 16.2 16.1
Glu 40.9 41.0 40.9 40.5
SID Trp:LysA 0.16 0.24 0.17 0.24
A SID = standardised ileal digestible corrected using the following formula;
SID analysed feed = (calculated SID / calculated total content) x analysed
total content.
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Diet samples were analyzed using a ballistic bomb calorimeter to de-
termine gross energy (GE) (Invivo Labs, Binh Duong City, Vietnam). Diets were
also analyzed for CP and AA content by Evonik (Hanau, Germany) as described
by Htoo et al. (2007). The diet composition and analysed chemical composition
are presented in Tables 1 and 2. Diet SID levels for Trp and Lys were calculated
according to the following formula;
SID analysed feed = (calculated SID / calculated total content) x analysed total
content.
3.3.4.3 Experimental infection with ETEC
The inoculation culture of ETEC was grown as described by Heo et al. (2009).
Infection with 6, 8, and 10 mL of ETEC (2.16 x 108 CFU/mL, β-haemolytic
serotype O149:K98:K88; toxins LT, ST, and STb) occurred at 72, 96, and 120
h after weaning, respectively. The inoculation procedure involved mild restraint
with inoculum administered orally via a drench gun in 2 mL aliquots.
Faecal consistency (FC) was assessed daily for 14 d after weaning using
a four-point scale. Faeces were given a score of (1) firm, (2) soft, spreads slightly,
(3) very soft, spreads easily or (4) watery liquid consistency with the latter being
considered diarrhoea. This score was then converted to percentiles such that 1
= 0%, 2 = 33.3%, 3 = 66.7% and 4 = 100%, to allow for statistical analysis.
The diarrhoea index (DI) was calculated as the mean proportion of days with
diarrhoea with respect to 14 d after weaning (Heo et al. 2009).
Faecal shedding of β-haemolytic ETEC was assessed on d 0, 3, 5, 7, 9,
11 and 14 after weaning by inserting a cotton swab into the anus. Swabs were
then used to inoculate sheep blood (50 mL/L) agar plates (PathWest, Western
Australia). Plates were incubated overnight at 37◦C and were assessed based on
morphology and haemolysis. Scores were given to plates on a six-point scale from
0 to 5 where 0 = no growth and 5 = growth in the fifth section of the plate (Heo
et al. 2009).
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3.3.4.4 Blood sampling and analysis
Blood was collected on d 3 and 11 after weaning via jugular venipuncture into a 9
mL heparinised vacutainer. Samples were immediately placed on ice before being
centrifuged for 15 min at 2000 x g. Plasma was then recovered and stored at -20
◦C until analysis. Plasma Trp and its metabolite kynurenine (Kyn) levels on d 11
were determined using HPLC on a reverse-phase C-18 column (Laich et al. 2002).
An Olympus AU400 analyser (Tokyo, Japan) was used to determine plasma lev-
els of the acute phase proteins (APP) haptoglobin (Makimura and Suzuki 1982)
and acid soluble glycoprotein (ASG) (Tecles et al. 2007), and also plasma urea
(PU; OSR6134, Olympus Reagent Kit, Beckman Coulter Ireland Inc., CO Clare.
Ireland), at the Department of Agriculture and Food’s Animal Health Laborato-
ries (South Perth, Western Australia). A commercial kit was used to determine
plasma levels of inducible protein-10 (IP-10; Cat No: MBS739741, MyBiosource,
San Diego, USA).
3.3.4.5 Euthanasia of piglets
Pigs were euthanized humanely by an intravenous injection of sodium pentobar-
bital (Lethobarb, Virbac (Australia) Pty. Ltd., Milperra Australia) administered
at a dose rate of 2 mL per 5 kg of body weight. Upon confirmation of death,
animals were immediately dissected. A 20 cm section of ileum was scraped us-
ing a sterile scalpel to extract approximately 2 g mucosa, which was stored in
RNAlater solution (Cat #AM7021, Life Technologies, Mulgrave, Australia) at
4◦C for 24 h and then at -20 ◦C for subsequent gene expression analysis. A 20
cm section of jejunum was also processed for mucosal scrapings and was snap
frozen using liquid nitrogen and stored at -80◦C until subsequent analysis for
brush-border peptidases. A section of jejunum was also harvested and rinsed in
a 10% phosphate buffer solution before being placed in a 10% formalin solution
and stored at room temperature until assessment for gut morphology.
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3.3.4.6 Brush-border peptidase activities
Protein concentration and brush-border peptidase activities in the jejunum were
determined using a method adapted from Opapeju et al. (2009). The brush-
border peptidase activity was analysed for leucyl aminopeptidase (LAP), aminopep-
tidase A (APA), aminopeptidase N (APN) and dipeptidylpeptidase IV (DPP-IV).
3.3.4.7 Measurements of gene expression in the ileum
Ileal mucosa samples were processed using a Purelink RNA extraction kit (Cat
No. 12183018A, Invitrogen, Mulgrave, Australia). These extractions were then
analysed using a Nanodrop (Nanodrop 2000, ThermoScientific, Mulgrave, Aus-
tralia) to ensure quantity and purity of the extraction. Reactions were then
reverse transcribed using random primers (Cat No. 48190-011, Invitrogen, Mul-
grave, Australia) and reverse transcriptase (Cat No. 18080-044, Invitrogen,
Mulgrave, Australia). These reverse transcribed samples were then cycled on
a qPCR machine (Rotorgen Q, Qiagen, Venlo, The Netherlands) and SYBR
green (Cat no. 11733-046, Invitrogen, Mulgrave, Australia) using primers for 2,3
indoleamine dioxygenase (IDO), intestinal alkaline phosphatase (IAP), toll-like
receptor-4 (TLR4) and ACTB (housekeeping gene), and a standard curve using
pooled samples with 1:10 serial dilutions. Primers for target genes are presented
in Table 3. Data were then analysed using the method described by Pfaﬄ (2001),
which determines the efficacy of primers against a housekeeping gene (in this case
ACTB) and factors this into the determination of quantity of RNA expressed for
each gene.
85
Chapter 3. Experiment 1 Part B
T
ab
le
3B
.3
:
C
om
p
os
it
io
n
of
E
x
p
er
im
en
ta
l
D
ie
ts
(g
/k
g
as
fe
d
b
as
is
)
G
en
e
A
sc
en
si
on
N
u
m
b
er
or
R
ef
er
en
ce
F
or
w
ar
d
P
ri
m
er
(-
5’
→
-3
’
)
R
ev
er
se
(5
’
→
-3
’
)
P
ro
d
u
ct
(B
P
)
A
C
T
B
X
M
00
33
57
92
8
G
C
C
C
G
T
C
C
A
T
C
G
T
C
C
A
C
C
G
C
A
G
G
A
G
G
C
T
G
G
C
A
T
G
A
G
G
T
G
T
G
12
7
ID
O
N
M
00
12
46
24
0
G
C
C
T
C
A
C
C
C
T
T
A
C
G
A
T
G
C
T
T
T
G
C
T
G
A
G
C
G
T
T
G
C
T
A
A
C
T
T
C
10
4
T
L
R
4
N
M
00
11
13
03
9
C
G
T
G
C
A
G
G
T
G
G
T
T
C
C
T
A
A
C
A
G
T
G
G
G
G
A
T
G
T
T
G
T
C
A
G
G
G
A
T
T
75
IA
P
L
ac
ke
y
ra
m
et
al
.
(2
01
0)
C
T
A
A
A
G
G
G
G
C
A
G
A
T
G
A
A
T
G
G
C
A
C
C
T
G
T
C
T
G
T
C
C
A
C
G
T
T
G
T
10
5
A
b
b
re
v
ia
ti
on
s
=
A
C
T
B
=
b
et
a
ac
ti
n
,
ID
O
=
2,
3
in
d
ol
ea
m
in
d
io
x
y
ge
n
as
e,
T
L
R
4
=
to
ll
li
ke
re
ce
p
to
r
4,
IA
P
=
in
te
st
in
al
al
ka
li
n
e
p
h
os
p
h
at
as
e
86
Chapter 3. Experiment 1 Part B
3.3.4.8 Gut morphology
For measurements of villous height and crypt depth, the jejunal samples stored
in 10% formalin solution were used. Two transverse sections (4- 6 µm) from each
jejunum section were cut, stained with haematoxylin and eosin and mounted on
glass slides. The height of 10 well orientated villi and their associated crypts
were measured using a light microscope (Olympus CX31, Tokyo Japan) using a
calibrated eyepiece graticule (Pluske et al. 1996).
3.3.4.9 Statistical analysis
All statistical analyses were performed using the generalised linear modelling
function in SPSS (Version 21, IBM) for each day of sacrifice with SID Trp:Lys
ratio and AMC inclusion in the diet as fixed variables and the pig as the individual
unit. Where treatment effects were significant the means were separated using
Fisher’s protected least significant difference test. Statistical significance was
accepted at P < 0.05 and 0.05 < P < 0.10 was considered a trend. Sex was not
included in the final statistical model as it had no effect.
3.3.5 Results
3.3.5.1 Markers of inflammation
Plasma levels of haptoglobin were not affected by dietary SID Trp:Lys or AMC
(P > 0.05) at any time point. A trend for differences between ASG concentration
to be highest in pigs fed a lower level of SID Trp:Lys and no AMC and lowest
in pigs fed a higher level of SID Trp:Lys and no AMC was found (P = 0.075).
Dietary SID Trp:Lys and inclusion of AMC did not affect plasma level of IP-10
(P > 0.05; Table 4).
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3.3.5.2 Markers of protein and Trp metabolism
Plasma urea was not affected by dietary SID Trp:Lys or AMC for any time point
(P > 0.05; Table 5). Plasma Trp was higher in pigs fed higher levels of SID
Trp:Lys (P = 0.020) and lower in pigs fed AMC (P = 0.022) on d 11. Plasma
Kyn was lower in pigs fed AMC than those not fed AMC (P = 0.027; Table 5).
3.3.5.3 Intestinal brush-border peptidase activities
No significant effects of diet were found for LAP, APA or DPP-IV activity for
d 4 or d 11 (P > 0.05). On d 4, APN activity was the same between dietary
treatments (P > 0.05). On d 11, APN was lower in pigs fed 0.24 than pigs fed
0.16 SID Trp:Lys regardless of AMC in the diet (P = 0.008; Table 6).
3.3.5.4 Gene expression in the ileal mucosa
Expression of IDO was higher in pigs fed higher levels of dietary Trp on d 4 (P
= 0.039) but not on d 11 (P > 0.05) after weaning. No differences were found
between dietary treatments for expression of TLR4 on either day (P > 0.05).
Expression of IAP on d 4 was not different between treatments (P > 0.05) but
on d 11 was higher in pigs fed higher dietary Trp (P = 0.022) and pigs fed AMC
(P = 0.022; Table 7).
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3.3.5.5 Gut morphology in the jejunum
Villous height was not affected by dietary treatment on d 4 (P > 0.05). On d 11
villous height showed a trend for an interaction between Trp and AMC such that
pigs not fed AMC had increased villous height with increased Trp, while pigs fed
AMC had lower villous height when fed additional Trp (P = 0.065). Crypt depth
was not affected by dietary treatments for either day (P > 0.05). The ratio of
villous height to crypt depth was also not affected by dietary factors for either
day (P > 0.05; Table 8).
3.3.5.6 Measurements of PWD
Faecal consistency nor faecal ETEC score were not affected by dietary treatments
(P > 0.05).
3.3.5.7 Production traits
There was no effect of dietary treatment on any production trait for pigs sacrificed
on either d 4 or d 11 after weaning (P > 0.05; Table 9).
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3.3.6 Discussion
This experiment was conducted to determine if supplementation of Trp above
the National Research Council’s (2012) recommended level of 0.16 would improve
markers of inflammation, production traits and gut integrity and health in weaner
pigs experimentally infected with ETEC.
Indicators of PWD Inclusion of AMC in the diets of pigs was expected
to reduce the shedding of ETEC (as measured by faecal score) and maintain
faecal consistency. However, the present study found that there was no difference
in either faecal consistency or faecal shedding of ETEC (as measured by faecal
swabs) between treatment groups. Analysis of the strain of E. coli used in the
experimental infection model revealed it was resistant to the in-feed antibiotic
(lincospectin and spectomycin) used and thus would not have protected pigs from
infection with ETEC. However, diets with AMC also contained ZnO which is
known to reduce PWD (Vondruskova et al. 2010), therefore the lack of difference
was more likely due to the experimental model failing to induce PWD rather
than inclusion of AMC failing to protect the negative control pigs from PWD.
3.3.6.1 Markers of inflammation
Amino acid metabolism under conditions of inflammation and immune stress
is redistributed from growth and production towards cells that play a role in
the inflammatory and immune response (Le Floc’h et al. 2004). The difference
between amino acid metabolism for growth compared to that of the immune and
inflammatory response often leads to an excess of some amino acids while other
amino acids limit the immune response (Reeds and Jahoor 2001). Some positive
APP contain higher amounts of Trp than muscle, for example haptglobin contains
32 g Trp/kg protein while muscle contains only 13 g Trp/kg of protein (Reeds et
al. 1994). Therefore under conditions of inflammation it would be reasonable to
expect an increased requirement for Trp.
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In a study by Kim et al. (2011), who used a similar model of ETEC
infection in weaner pigs, haptoglobin levels averaged 0.93 and 1.57 mg/mL at d 2
and d 8 after weaning respectively. The present study did not find differences in
haptoglobin levels between treatment groups but levels were numerically higher
than those presented by Kim et al. (2011). These data indicate pigs were suffering
from a moderate inflammatory response, however Trp or inclusion of AMC in the
diet did not seemingly mitigate it.
Work by Tecles et al. (2007) found that ASG levels for “healthy” pigs
(16-18 weeks of age) was between 2.3 and 5.2 mg/mL, and for pigs with post-
weaning multisystemic wasting syndrome (inflammation stress) was between 4.5
and 11.5 mg/mL. The present study found that for pigs not fed AMC, the ASG
level on d 11 tended to be lower in pigs supplemented with Trp than those without
supplementation suggesting that Trp may have ameliorated the inflammatory
response.
The lack on congruency between haptoglobin and ASG found in the
present study may be due to the different kinetics and sensitivities as described by
Heegaard et al. (2011). Eckersall et al. (1996) found that ASG and haptoglobin
both peaked 2 days after injection with turpentine and each had a two-fold in-
crease in concentration, however ASG took 12 days after injection to reach normal
levels and haptoglobin took only eight days. Therefore it is possible that in the
present study there may have been an increase in haptogobin levels, however the
timing of blood sampling missed the peak. Given the response kinetics, the opti-
mal timing to observe the APP response in the case of the present study was likely
to have been d 5-7 after weaning (i.e., 2 days after infection) as opposed to d 11 (6-
8 d after infection). Furthermore, Heegaard et al. (2011) found that haptoglobin
was most affected by pre-challenge factors (such as sanitary conditions, hous-
ing and age of pigs) and as such its use should be avoided. Additionally, under
haemolytic disease conditions, formation of haptoglobin-haemoglobin complexes
can yield false negative results (Eurell et al. 1992). Therefore, it is likely that in
the present study, ASG levels are a better predictor of inflammatory stress than
haptoglobin.
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The chemokine IP-10 (or CXCL10) has been demonstrated to be up-
regulated in pigs by unmethylated oligonucleotide motifs found in bacterial DNA
(Dar et al. 2010). No data quantifying the concentration of IP-10 in weaner pig
plasma is known to the authors, however it was expected that as INF-γ induces
IP-10 production (Cavaillon 2001), then pigs under lower immune challenge (fed
AMC) would have lower levels of IP-10 and that Trp supplementation in pigs fed
no AMC in the diets would also have lower IP-10 levels. However this was not
observed in the present study, and IP-10 levels did not differ between treatment
groups for any time point.
3.3.6.2 Markers of protein and Trp metabolism
Plasma urea has been used as an indicator of protein utilisation with higher levels
indicating greater wastage or imbalance of amino acids (Heo et al. 2009). Shen
et al. (2012) found that increasing Trp content (SID Trp:Lys ratios of 0.21, 0.43,
0.66, 0.88, 1.11 and 1.31) in the diet linearly decreased plasma urea on d 5 and
d 13 after weaning. The values in the present study showed similar values of
PU on d 3 compared with d 2 of Kim et al. (2011) pigs fed low protein amino
acid fortified diets (185 g CP/kg diet). However, PU levels in the present study
on d 11 compared with those on d 8 in the study by Kim et al. (2011) were
numerically higher indicating wastage of some protein. This could be due to
the formulation of diets in the present study being formulated to slightly over
supply other essential amino acids to ensure that Trp and Lys were the only
limiting amino acids, as per the recommendations from Boisen (2003) for amino
acid studies.
Tryptophan is catabolised to Kyn via IDO, which is induced by the
pro-inflammatory cytokine IFN-γ, and Trp dioxygenase which is not induced by
immune or inflammatory challenges (Moffett and Namboodiri 2003). Plasma Trp
has been shown to decline in conditions of immune stress and (or) inflammatory
conditions in humans and rodents without additional dietary supplementation (Le
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Floc’h et al. 2004). Further work by Le Floc’h et al. (2009) found that a Trp-
enriched diet (0.15 vs 0.20 digestible Trp:Lys) increased plasma Trp, poor sanitary
conditions (more inflammation) decreased plasma Trp, and supplementation with
Trp under poor sanitary conditions did not maintain plasma Trp levels compared
to pigs housed in sanitary environments. In agreement with this the present
study also found that supplementation of Trp in the diet increased plasma Trp.
However, the absence of AMC from the diet (and a possible decrease in health
status) increased the plasma Trp. The present study also found that plasma
Kyn was lower in pigs fed AMC than those not fed AMC. This is likely due to
a decrease in conversion from Trp to Kyn or an increase in conversion of Kyn to
other metabolites or protein. Alternatively, the findings of the present study may
be explained in that pigs not fed AMC were under more immune stress (more
IFN-γ and thus IDO) and thus converted more Trp to Kyn, however it is unlikely
as IP-10 (also induced by IFN- γ) did not change.
3.3.6.3 Intestinal brush-border peptidase activities
Brush-border enzymes in weaned pigs have been used as indicators of maturity
and digestive capacity in the small intestine (Hampson and Kidder 1986). It has
been demonstrated that weaning for example reduces the activity of APN and
DDP-IV (Tang et al. 1999; Hedemann et al. 2006). The authors of the present
study know of no data, however, on the effect of supplementation of Trp on brush-
border peptidase activities. The role of APN in the intestine is to degrade small
peptides (Santos et al. 2000). In the human kidney, APN has been found to be
inhibited by L-amino acids with hydrophobic side chains, such as Trp (Garner
and Behal 1975). The present study also found that in pigs on d 11 after weaning,
intestinal APN activity was decreased with supplementation with Trp.
3.3.6.4 Gene expression in the ileal mucosa
Trevisi et al. (2012) found that there was no effect of Trp supplementation on
expression of IDO in the jejunum of weaner pigs, however pigs were not challenged
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with ETEC in that particular study. In the present study, expression of IDO was
significantly higher in pigs fed higher levels of dietary Trp on d 4, during the
acute phase of the post-weaning period (Burrin and Stoll, 2003). Up-regulation
of IDO can be induced by lipopolysaccharide (LPS), interferons (such as pro
inflammatory cytokine IFN-γ) and influenza virus (Taylor and Feng 1991). As
shedding of ETEC was not different between treatments, this difference in IDO
expression may be indicative of greater levels of expression of IFN-γ, although
this was not measured.
Mani et al. (2012) summarised that TLR4 recognises bacterial endo-
toxins and is associated with the transport of these endotoxins into circulation
where they can be detoxified. Furthermore, TLR4 can be up-regulated by bac-
terial endotoxin, lipopolysaccharide (Lalle`s 2010). In congruence with Trevisi et
al. (2012) no differences were found between dietary treatments for expression
of TLR4 on either day, indicating the TLR4 may not be modulated by Trp and
(or) there was insufficient or no endotoxin released from the bacterial cell walls.
Intestinal alkaline phosphatase (IAP) in the small intestine serves mul-
tiple functions such as the regulation of lipid absorption and regulation of bicar-
bonate secretion, and it aids in detoxification of the endotoxigenic LPS (Lack-
eyram et al. 2010; Lalle`s 2010). The present study found that on d 11 after
weaning, gene expression of IAP in the ileum was higher in pigs fed higher di-
etary Trp. Expression of IAP was also higher in pigs fed AMC than pigs fed no
AMC. Pigs fed high Trp and no AMC had the same expression of IAP as pigs fed
AMC and low Trp, while pigs fed AMC and high Trp had the combined effects
of Trp and AMC thus had the highest IAP expression. Possible reasons for the
greater expression of IAP are increased corticopituitary hormones (ie cortisone)
prostaglandin E2 and thyroid hormone (Lalle`s 2010). Another way to describe
the findings of the present study would be that pigs fed low Trp and no AMC
had the lowest levels of IAP expresision which may have been caused by greater
inflammation as pro-inflammatroy cytokines are known to inhibit IAP expression
(Lalle`s 2010).
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3.3.6.5 Gut morphology in the jejunum
Many authors observed a reduction in villous height and increase in crypt depth
in the jejunum after weaning, as summarised by Heo et al. (2013). Inclusion
of ZnO (3g/kg) in the diet of weaner pigs has been shown to increase in villus
height, Li et al. (2006). Koopmans et al. (2006) found that supplementation with
Trp (0.19 vs 0.24 true ileal digestible Trp:Lys) tended to increase villous height
and the ratio of villous height to crypt depth but not crypt depth on d 4, 5 and
6 after weaning, but did not use an infection model. Koopmans et al. (2006)
hypothesised that supplementation of Trp would inhibit neuroendocrine stress
therefore decrease the pigs’ susceptibility to stress and, as a result, increase their
feed intake and gastrointestinal tract integrity. However, work by Trevisi et al.
(2009) using an ETEC infection model found no effect of supplementation of Trp
(0.19 vs. 0.28 total as-fed) on villous height or crypt depth at a site 75% of the
length of the small intestine at either d 5 or 9 after weaning in pigs not supplied
with in-feed AMC. The present study found that supplementation of Trp tended
to increase villus height in pigs not supplied AMC to the same level as pigs fed
AMC and low Trp on d 11. These data indicate the supplementation with Trp
in the absence of AMC may support the gastrointestinal tract morphology.
3.3.6.6 Production traits
Trevisi et al. (2009) found that pigs orally infected with ETEC and fed an as-fed
total Trp:Lys ratio of 0.28 tended to have a higher ADG than pigs also infected
but fed 0.19 toal as-fed Trp:Lys at d 5 and d 23 after weaning. Furthermore,
a meta-analysis by Simongiovanni et al. (2011) found that ADG, ADFI and
feed efficiency were affected by dietary SID Trp:Lys ratio, and the ideal ratio for
optimal daily gain was likely 0.22. The present study sampled a set of pigs that
were fed the same diets as those in the study by Capozzalo et al. (2015), who
concluded that feeding pigs above 0.24 SID Trp:Lys improved FCR. While this
was not the case in the present experiment as no changes in production indices
were observed, this is likely due to the smaller sample size (total n = 28) and
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high variability in performance immediately after weaning resulting in a lower
statistical power.
3.3.6.7 Summary
The present study’s infection model was successful in inducing a moderate inflam-
matory response (as measured by APP) which may have been partially modulated
by Trp, although the peak of these APP responses was most likely missed by the
timing of blood sampling. Increasing Trp in the diet and exclusion of AMC in-
creased plasma levels of Trp, however Kyn was only increased by exclusion of
AMC in the diet, indicating that in the absence of AMC, Trp metabolism may
moderate the inflammatory response. Increasing Trp in the diet of pigs not fed
AMC decreased APN activity. Furthermore addition of Trp or AMC increased ex-
pression of IAP and villus height to the similar levels indicating Trp has beneficial
effects on intestinal function and structure. In summary, the present study found
that under the conditions of ETEC infection, weaner pigs fed 0.24 SID Trp:Lys
without AMC may have a similar degree of inflammation and gut function and
integrity as pigs fed the National Research Council’s (2012) recommended level
of 0.16 with AMC.
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4.1.1 Summary Text
The post-weaning period is a stressful time for piglets housed under commercial condi-
tions and often results in production losses. These stressors may increase the require-
ment for tryptophan above the recommended level for this essential amino acid. The
data derived from this study showed that a minimum FCR and maximum ADG was
achieved at 0.234 SID Trp:Lys in the diet.
4.1.2 Abstract
This experiment was conducted to determine the optimum standardised ileal digestible
(SID) ratio of tryptophan (Trp) to lysine (Lys; Trp:Lys) for pigs kept under commer-
cial conditions in the immediate post-weaning period. The hypothesis tested was that
pigs would positively respond to an increased SID Trp:Lys ratio with improved perfor-
mance indices and lower levels of circulating biomarkers indicative of an inflammatory
response. Forty-two pens were randomly allocated to one of six treatments groups with
varied levels of calculated dietary SID Trp:Lys ratios (0.16, 0.18, 0.20, 0.22, 0.24 and
0.26). A total of 2,430 pigs (6.3 ± 1.09 kg; mean ± SD) were then allocated to 42 pens
according to gender (male:female, 1:1) and a visual estimate of weight (medium and
heavy). Diets were fed for two weeks after weaning. Blood samples were taken on day
(d) 4 and d 11, with C-reactive protein (C-RP) levels determined on d 4 and d 11 and
haptoglobin and urea levels determined on d 11. Based on analyzed amino acid con-
tents in the experimental diets, calculations were made based on SID coefficients and
the SID Trp:Lys ratios in diets one to six were corrected to 0.168, 0.182, 0.205, 0.211,
0.234 and 0.253. The greatest average daily gain (ADG) and best feed conversion ratio
(FCR) during the overall two-week period after weaning were achieved with pigs fed
diet with 0.234 SID Trp:Lys (P = 0.05). C-reactive protein (C-RP) showed a strong
trend (P = 0.061). No differences were found for plasma levels of urea or haptoglobin
(P > 0.05) which suggest that pigs in the present trial were not under a significant
inflammation challenge. Nevertheless, an optimal dietary ratio of 0.234 SID Trp:Lys
was found to optimize both ADG and FCR of weaned pigs
Keywords: inflammation, standardized ileal digestible, tryptophan, weaner pig
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4.1.3 Introduction
Tryptophan (Trp) is an essential amino acid and therefore must be supplied in the
pigs’ diet, because when dietary supply of Trp is low compared to other essential
amino acids, whole body protein synthesis is compromised (Le Floc’h and Se`ve 2007).
Plasma levels of Trp decline under conditions of gastrointestinal tract (GIT) challenge
and inflammation in numerous species including pigs, suggesting an increased need for
Trp in such situations (Le Floc’h and Seve 2007). In this regard, Le Floc’h et al. (2009)
showed that pigs kept in a poor sanitary environment with a high pathogenic bacterial
load and showing low-grade inflammation responded to more Trp (digestible Trp to
lysine ratio of 0.19 vs. 0.15 for phase one diets, and 0.20 vs. 0.14 for phase 2 diets) in
their diet in terms of both growth and plasma levels of Trp.
A consequence of the general post-weaning malaise in commercial pig pro-
duction is an increased synthesis of acute phase proteins (APP) due to sub-clinical
inflammation and immune system activation (Pomorska-Mo´l et al. 2012). Pigs under
inflammatory challenge produce APP, with for example haptoglobin and fibrinogen be-
ing rich in Trp (de Ridder et al. 2012). Pigs under immune stress that are synthesising
more haptoglobin have decreased availability of Trp for body protein anabolism (de
Ridder et al. 2012). Subsequently, overall body protein synthesis becomes less efficient
and in addition to protein catabolism under inflammatory conditions (Pastorelli et al.
2012), would increase the plasma levels of urea, as shown in a study by Webel et al.
(1997) using an lipopolysaccharide (LPS) injection model of inflammation.
The National Research Council (NRC, 2012) recommends a standardised ileal
digestible (SID) Trp to lysine (Lys) (Trp:Lys) ratio of 0.166 and 0.163 for pigs between
5-7 kg and 7-11 kg, respectively. These estimates were derived by weight-specific ex-
trapolation based on the establishment of SID Lys requirements and does not consider
differences in pig growth potential or health status (NRC, 2012). Numerous recent
studies, however, suggest that this recommendation may be too low. A meta-analysis
conducted by Simongiovanni et al. (2011) demonstrated that the optimum SID Trp:Lys
ratio for maximum growth after weaning was higher than current recommendations,
being closer to 0.22. Moreover, Trevisi et al. (2009) demonstrated that supplementing
a greater SID Trp:Lys ratio (0.28 vs. 0.20) increased feed intake and maintained growth
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rate of pigs following experimental infection with an entertotoxigenic Escherichia coli
(ETEC). Furthermore, Capozzalo et al. (2012) demonstrated that pigs grew faster
when fed a diet supplemented with a SID Trp:Lys ratio over 0.22 regardless of infec-
tion with ETEC.
The hypothesis examined in this experiment was that pigs weaned into com-
mercial production conditions would show a pronounced production response to in-
cremental increases in the SID Trp:Lys ratio. The overall aim of this study was to
determine the optimum SID Trp:Lys ratio and examine whether supplementation of a
higher ratio of SID Trp:Lys can assist in ameliorating the post-weaning growth check.
4.1.4 Materials and Methods
The Murdoch University Animal Ethics Committee approved the experimental protocol
for this study (AEC No. R2491/12).
4.1.4.1 Experimental design, diets, animal housing and husbandry
Pens were blocked and stratified into one of six dietary treatments (seven pens per
treatment) according to sex and visual estimate of weight (heavy or medium weight
pigs). Six pens of 45 pigs and one pen of 90 pigs were allocated per treatment. A total
of 2,430 pigs weaned between 17 and 20 days (d) of age and having a mean body weight
(BW) of 6.3 ± 1.09 kg (mean ± SD) was sourced from a number of commercial breeding
units from the same farming enterprise in south-Western Australia and allocated into
pens according to sex and then visual estimates of BW (medium and heavy).
Pigs were kept in pens of full mesh flooring in a tunnel-ventilated building,
with each pen providing a space allowance of 0.27 m2 per pig. Each pen had one feeder
(nursery wet/dry feeder) and two nipple bowl drinkers per 45 pigs. Pigs had free access
to water and feed throughout the trial period. Ambient temperature was set at 28◦C
for the first week and then decreased by 2◦C in the following week. All pigs were
monitored daily by farm staff for signs of illness or injury, and any pigs withdrawn
from the study were recorded.
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Pens were allocated to one of six dietary treatments of varying titrations of
Trp:Lys ratio. Diets were made by formulating two extreme diets (10.9 MJ NE/kg, 1.32
g SID Lys/kg) with either SID Trp:Lys ratios of 0.16 or 0.26 using SID coefficients from
Sauvant et al. (2004) (Table 1). To attain the 0.26 SID Trp:Lys ratio, supplemental
L-Trp was added to the base diet (0.16 Trp:Lys). These diets were then blended
in appropriate ratios using an automated feed delivery system (FeedLogic System,
Feedlogic Corp, Willmar, MN) to obtain six final calculated SID Trp:Lys ratios of 0.16,
0.18, 0.20, 0.22, 0.24 and 0.26. Experimental diets were fed for two weeks after weaning.
Feed dispensed into each pen was automatically recorded by the Feedlogic system and
feed residual was recorded weekly to estimate feed intake based on feed disappearance.
Pens were weighed weekly to obtain measurements for daily gain. The average daily
intake of Trp (g/d) was calculated for each week using the following formula:
Trp intake (g/d) = SID Trp content in the diet (g/kg) x [feed intake (g/d)/1000].
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Table 4.1: Composition of experimental diets (g/kg as-fed basis)
SIDA Trp:Lys 0.16 0.26
Ingredients (g/kg)
Wheat 430.0 446.7
Groats 214.1 200.0
Breadcrumbs 45.0 45.0
Soyabean meal 58.9 67.6
Meat meal 46.7 46.7
Fishmeal 98.7 99.2
Skim milk powder 50.0 50.0
Tallow 16.6 15.2
Sugar 25.0 25.0
Lysine 3.91 3.89
Met 1.49 1.48
Thr 1.58 1.57
Trp − 1.31
Mineral vitamin premix B 1.0 1.0
Zinc oxide 3.0 3.0
Porzyme tp 100(Hp) C 1.0 1.0
Acid LacD 3.0 3.0
Calculated composition (g/kg)
Net energy (MJ/kg) 10.90 10.9
Crude protein 215.0
SID Amino AcidsA
Lys 13.2 13.2
Met 5.1 5.1
Met + Cys 7.9 0.79
Thr 8.2 8.2
Trp 2.1 3.4
Ile 7.7 7.7
Val 9.0 9.0
Leu 13.5 13.6
Arg 11.1 11.1
His 4.4 4.4
Phe 8.1 8.1
Trp:Lys 0.16 0.26
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ASID = standardised ileal digestible; calculated based on tables from Sauvant et al.
(2004);
B BJ Grower (Biojohn Pty Ltd., WA, Australia) provided the following nutrients (per
kg air dry diet); Vitamins: A 7000 IU, D3 1400 IU, E 20 mg, K 1 mg, thiamine 1
mg, riboflavin 3 mg, pyridoxine 1.5 mg, cyanocobalamin15 µg, calcium pantothenate
10.7 mg, folic acid 0.2 mg, niacin 12 mg, biotin 30 µg. Minerals: Co 0.2 mg (as cobalt
sulphate), Cu 10 mg(as copper sulphate), iodine 0.5 mg (as potassium iodine), iron
60 mg (as ferrous sulphate), Mn 40 mg (as manganous oxide), Se 0.3 mg (as sodium
selenite), Zn 100 mg (as zinc oxide);
C Porzyme TP 100: Enzyme complex containing 150 U endo-1,3(4)-β-glucanase, 4,000
U endo-1,4-β-xylanase, 1,000 U α-amylase, and 25 U polygalacturonase per kg product
(DuPont, Marlborough, Wiltshire, UK).
D AcidLac: Blended organic acids (Kemin Industries, Inc. USA).
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4.1.4.2 Diet analysis
Diet samples were collected after they were dispensed from the automated feed delivery
system into the feeder in the pens. Diet samples were analysed for gross energy (GE)
using a ballistic bomb calorimeter (Invivo Labs, Binh Duong City, Vietnam), and crude
protein (CP) and amino acid contents were determined using wet chemistry by Evonik
(Hanau, Germany) as described in Htoo et al. (2007). The dietary SID Trp:Lys ratios
were then corrected based on the analyzed dietary AA contents using the following
formula;
Corrected SID = (calculated SID Trp:Lys x analysed total Trp:Lys) / calculated total
Trp:Lys.
4.1.4.3 Blood sampling and analysis
Eight pigs per pen were sampled from small pens and 16 pigs per pen were sampled
from larger pens. Blood samples (9 mL) were collected from the same pigs in each pen
on d 4 and 11 after weaning via jugular vein puncture into vacutainer tubes coated with
lithium heparin. Samples were immediately placed on ice, then centrifuged at 2,000 g
for 15 minutes to recover plasma, which was then stored at -20◦C.
Plasma haptoglobin and urea levels on d 11 were determined using an Olym-
pus AU400 analyser (Tokyo, Japan) based on the method by Makimura and Suzuki
(1982) and using a commercial kit (Olympus Reagent Kit OSR6134; Beckman Coulter
Ireland Inc., Co. Clare., Ireland), respectively at Animal Health Laboratories (South
Perth, Australia). Samples were analysed for C-reactive protein (C-RP) on d 4 and 11
using a commercial ELISA kit (Cat No. DY2648; R&D Systems, Minneapolis, USA).
4.1.4.4 Statistical analysis
All data were analysed using SPSS (version 21.0, IBM). Performance traits were anal-
ysed using the generalized linear model (GLM) function with the corrected SID Trp:Lys
ratios used as the independent variables and body weight at d 0 as covariate. Data
were further analysed for linear and quadratic effects of varying SID Trp:Lys ratios
using the polynomial comparison. Pen served as the experimental unit for production
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data. There was no effect of gender on any of the production variables, hence this
term was removed from the statistical model. Removal of piglets was recorded on a
pen basis and analysed using the non-parametric Kruskal-Wallis test for differences.
Linear relationships between average daily intake of Trp and ADG, ADFI, and FCR
were explored using line of best fit modeling in SPSS.
Plasma C-RP was analysed using the repeated-measures function in GLM
with time and SID Trp:Lys ratio as factors and pig as the experimental unit. Plasma
haptoglobin and urea were analysed using GLM function in SPSS with the individual
pig as the experimental unit. Data for plasma C-RP and haptoglobin were logarithmi-
cally transformed to force normality before analysis, and the back-transformed mean
values and confidence intervals are reported. Plasma urea (PU) levels did not require
transformation. Plasma haptoglobin and urea were further analysed for linear and
quadratic effects.
All means are reported as least square means. Treatment effects were con-
sidered significant at P < 0.05, whereas P < 0.10 was considered a trend.
4.1.5 Results
4.1.5.1 Diets
The analysed GE contents were similar between diets (Table 2). The CP contents
wereas close to the expected values and approximately the same across diets. The
corrected SID Trp:Lys values of 0.168, 0.182, 0.205, 0.211, 0.234 and 0.253, based on
analysed amino acid values in each experimental diets, were established and used for
subsequent data interpretation.
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4.1.5.2 Performance traits
In the first week after weaning, ADG showed a positive linear effect of increasing level
of SID Trp:Lys in the diet (P = 0.036). For the overall two-week period after weaning,
ADG showed positive linear effects (P = 0.012) with pigs fed above 0.234 SID Trp:Lys
gaining weight faster than pigs fed the diets with lower SID Trp:Lys ratios (P = 0.014).
Pigs fed diets with SID Trp:Lys ratios of 0.205, 0.211 and 0.234 were most efficient at
converting feed to body gain between d 8–14 (P = 0.034). Moreover, pigs fed the
0.211 and 0.234 SID Trp:Lys diets showed better FCR for the overall two-week period
after weaning (P = 0.007). The ADFI was greater in pigs fed the 0.253 SID Trp:Lys
diet in the second week (P = 0.003) and overall (P < 0.001). This increase in ADFI
resulted in positive linear and quadratic effects in both the second week (P = 0.047; P
= 0.001) and overall (P = 0.010, P < 0.001; Table 3), respectively. The response curves
of production data did not fit either a broken line or broken quadratic line model to
determine optimum ratios.
Of the 2,430 piglets used in the study, a total of 61 were removed for ill-
ness/injury (2.5%) in the two-week period after weaning. The number of pigs removed
from the experiment was not different between diets with different levels of SID Trp:Lys
ratios (P = 0.632; data not shown).
A positive linear relationship existed between the intake of Trp and ADG (R2
= 0.171, P = 0.009, RSD = 27.07, Figure 1) as well as between the intake of Trp and
ADFI (R2 = 0.563, P < 0.001, RSD = 28.63, Figure 2). A linear relationship between
intake of Trp and FCR was also explored but was not significant (R2 = 0.085, P =
0.072; data not shown).
4.1.5.3 Plasma concentrations of C-RP, haptoglobin and urea
Plasma C-RP levels were higher on d 4 than on d 11 (P < 0.001). No differences were
found for C-RP on d 4 or 11 between SID Trp:Lys level (P > 0.05; data not shown).
There was a trend for the SID Trp:Lys ratio to affect average C-RP levels (P = 0.063;
Table 4). No significant treatment effects were observed for plasma haptoglobin or urea
(P > 0.05; Table 5).
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Figure 4.1: Effect of daily Trp intake (g) on ADG (g) for pigs between d
0 and 14 after weaning (y = 242.52 + 51.45x, RSD = 27.07, R2 = 0.171,
P = 0.009)
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Figure 4.2: Effect of daily Trp intake (g) on daily feed intake (g) for pigs
between d 0 and 14 after weaning (y = 268.38 + 136.33x, RSD = 28.63,
R2 = 0.563, P < 0.001)
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Table 4.4: Effect of Trp:Lys ratio on C-RP levels on d 4 and 11 after
weaning
C-RP (mg/mL) MeanB 95% Confidence IntervalB
Time point
d 4 12.33a 11.13 - 13.68
d 11 9.93b 9.06 - 10.95
SID Trp:LysA
0.168 10.76 8.91 - 13.03
0.182 11.40 9.44 - 13.77
0.205 11.80 9.75 - 14.29
0.211 9.68 8.00 - 11.69
0.234 13.87 11.48 - 16.75
0.253 9.42 7.73 - 11.48
P -value
TimeC <0.001
DietD 0.063
Time x Diet 0.170
a,b Means with different superscripts differ (P < 0.05);
A SID = standardised ileal digestible;
B Data were logarithmically transformed before subjected to the
repeated-measures ANOVA. Values were than back-transformed and ex-
pressed as least square means with 95% confidence intervals;
C Time = effect of time;
D Diet = effect of diet.
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4.1.6 Discussion
This study tested the hypothesis that the optimum level of dietary SID Trp content in
relation to Lys will be higher than current NRC (2012) recommendations on the premise
that pigs weaned and then kept under commercial conditions would face greater inflam-
matory challenges than pigs kept under experimental or research conditions. Black et
al. (2001) highlighted the phenomenon of a “growth gap” in performance between pigs
kept under research conditions and those kept under commercial conditions, attribut-
ing the poorer performance of commercially-housed pigs to many factors including air
quality, bacterial load, prevalence of disease, and climate of the sheds.
Data presented in the present study partly supported our hypothesis and
indicated that pigs grew faster when fed above 0.234 SID Trp:Lys and converted feed
more efficiently when fed a diet with a SID Trp:Lys ratio between 0.211 and 0.234 for
the first 14 d after weaning, however this seemingly occurred independently of a major
inflammatory challenge occurring in the pigs used in this study. In a similar study
conducted under commercial conditions in the USA using a corn-based diet, Goncalves
et al. (2014) found that late nursery pigs (11 to 20 kg) improved ADG and ADFI as
SID Trp:Lys ratio was increased up to 0.21. However no measurements of inflammatory
stress were taken in this study.
The SID Trp:Lys ratio that supported greatest productivity in the present
study was higher than the current NRC (2012) recommendation of 0.166 and 0.163 for
pigs between 5-7 kg BW and 7-11 kg BW, respectively. The present study found that
pigs fed above 0.234 SID Trp:Lys had higher growth rates than pigs fed below 0.211
SID Trp:Lys. A previous study conducted by Ferna´ndez and Strathe (2009) found that
growth after weaning was greatest when pigs were fed a diet with a ratio of 0.22 Trp:Lys,
however they did not feed a diet with Trp:Lys above this. Le Floc’h et al. (2009) also
found that increasing the Trp:Lys ratio from 0.19 to 0.22 improved the growth rate of
weaned pigs. Based on the recommendation made by Pomar et al. (2003), an individual
animal’s protein deposition (growth) should be modeled using a broken-line analysis
while populations should use a curve-linear plateau model. Therefore, the results of
the meta-analysis by Simongiovanni et al. (2011) undertook a meta-analysis on SID
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Trp:Lys on production performance and suggested that the optimum using a curve-
linear plateau model for maximum growth of weaned pigs the optimum SID Trp:Lys
ratio was 0.216. However the studies used in the meta-analysis mostly fell within a
SID Trp:Lys range of 0.16 to 0.23. The present study found that the FCR in the
two weeks after weaning was optimum in pigs fed 0.234 SID Trp:Lys, levels which is
considerably higher than the optimum ratio of 0.197 found by curve linear modeling
by Simongiovanni et al. (2011).
There was a significantly higher ADFI in pigs fed 0.253 SID Trp:Lys than in
pigs fed lower levels but no effect on weight gain that resulted in a large difference in
the FCR of the diet, suggesting Trp was oversupplied at this level. This was supported
by the PU data which found that pigs fed the SID Trp:Lys ratio of 0.253 increased their
PU content concomitant with increased FCR, indicating that a SID Trp:Lys ratio of
0.253 will most likely be oversupplied with the amino acids that are converted to urea
following deamination. Pigs can tolerate excess level of Trp supply. For example, Shen
et al. (2012) reported that both ADFI, ADG and gain:feed of six-week old weaned
pigs maximized at a dietary SID Trp:Lys of 1.10. The study of Shen et al. (2012) also
found a positive linear response of daily gain and Trp intake in six-week-old pigs with
a breakpoint at 10.8 g/d total Trp intake. In contrast the present study did not find
a breakpoint for ADG in response to Trp intake, i.e. the greatest ADFI was achieved
with the greatest Trp intake although Trp intake did account for approximately 17%
of the variation in ADG. The present study also found that approximately 56% of the
variation in ADFI was attributable to Trp intake, supporting previous work indicating
that appetite is regulated by Trp (Eder et al., 2001).
Tryptophan plays a role in the acute phase response to immune challenge
and stress (Le Floc’h and Se´ve 2007). Levels of APP such as C-RP and haptoglobin
are significantly increased during conditions of immune stress and inflammatory states
(Eckersall et al. 1996). Eckersall and Bell (2010) reported that the serum concentra-
tions of haptoglobin were increased two-fold during inflammatory states but the level
was sharply decreased to a pre-infection level by d 8 after challenge. Similarly, C-RP
levels increased eight-fold when pigs were injected with turpentine, however the levels
decreased to pre-infection levels by d 6 after injection. Heegaard et al. (2011) de-
termined that the critical cut-off values in 20-week old pigs under inflammatory states
(injection with 0.3 mL/ kg BW turpentine) were 0.85 mg/mL for haptoglobin and 19.39
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µg/mL for C-RP, respectively. Comparatively, the levels of C-RP and haptoglobin in
the present study indicate that there was either a minimal level of inflammation or that
the time points sampled were not within the acute phase response.
The difference found between d 4 and d 11 plasma C-RP levels in the present
study is in congruence with a study by Pomorska-Mo´l et al. (2012), who reported that
C-RP slightly decreases from the third to the fourth week of life in commercially-housed
piglet. Work by Melchior et al. (2004) using a lung inflammation model found that
haptoglobin levels were still higher in infected pigs than control pigs 10 d after infection,
and the haptoglobin levels of control pigs were higher than haptoglobin levels in the
present study. The literature suggests that the time of sampling in the present study
should have detected a moderate to high level of inflammation as measured by C-RP
and haptoglobin, and hence it is more likely that there was a minimal inflammatory
challenge in the present study as opposed to missing the response due to timing of
sampling. This notion that the overall level of inflammatory challenge was low is
supported by the very small number of pigs removed from the experiment for ill thrift
and sickness (2.5%).
The diets fed in the present experiment included zinc oxide and a blend of
organic acids (AcidLac, Kemin Industries, Inc. USA), which have been demonstrated
to improve performance of weaner pigs and reduce post-weaning diarrhea (Halas et
al. 2007). As a result the supplementation of diets with these compounds may have
further mitigated any major inflammatory challenge under the commercial conditions
of the present study.
In conclusion, the overall aim of this experiment was achieved and in agree-
ment with Capozzalo et al. (2012) these data suggest that both ADG and FCR of
commercially housed pigs immediately after weaning were optimized at a dietary SID
Trp:Lys ratio of 0.234 which is greater than the NRC (2012) recommended level of 0.16.
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5.1 General Introduction
The post-weaning period has been associated with inflmmation of the gut and prolifer-
ation of enterotoxigenic Escherichia coli (ETEC) (Heo et al. 2013). In this regard, it is
common for many pigs to receive in-feed medication (antibiotics) and high levels of zinc
oxide to overcome the potential negative effects of E. coli and to reduce inflammatory
effects in the gastrointestinal tract (Pluske et al., 2007). However, neither practice can
be continued in the long term because of concerns about antibiotic resistance and the
impact of zinc on the environment, so an alternative strategy is required.
Methionine (Met) is sulphur based amino acid and is required for correct
immune function and protein sythesis. Studies have indicated that the conversion
rate of methionine to cysteine (Cys) increases during immune system stimulation to
meet the cysteine needs for immune system and thus increases the dietary methionine
requirements to satisfy the needs of protein synthesis (Malmezat et al. 2000). It has
been demostrated that growing pigs have an increased need for dietary sulphur amino
acids (SAA; Met + Cys) when the immune system is stimulated with intramuscular
injection of E. coli Lipopolysaccharides (Rakhshandeh et al. 2007). We are unaware of
such information on young pigs examining the sulphur amino acid requirements during
intestinal tract repair under the alternative challenge models ETEC infection.
The overall aim of this experiment is to examine whether incorporating higher
levels of sulphur amino acids into a weaner pig diet will have beneficial effects on produc-
tion, inflammation and immunology, and structure and function of the gastrointestinal
tract following infection with ETEC. The following Chapter is a large experiment and
is divided into two parts according to response criteria.
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5.2.1 Summary Text
The post-weaning period in pig production is a stressful time and as such may
increase the requirement for sulphur amino acids. The present study aimed to
determine if pigs not fed antimicrobials would have higher requirement for sulphur
amino acids than pigs fed antimicrobials in terms of production performance,
inflammation and immune status.
5.2.2 Abstract
This experiment aimed to determine if pigs fed additional supplementation of
sulphur amino acids (SAA) and infected with an enterotoxigenic Escherichia coli
(ETEC) could have similar performance, markers of inflammation and utilisation
of amino acids as pigs fed antimicrobial compounds (AMC). Individually-housed
male pigs (n = 144, Landrace x Large White) weaned at 21 d of age with initial
body weight of 6.7 ± 0.88 kg (mean ± SD) arrived in two replicates of 72 pigs
each. Pigs were allocated according to body weight to one of twelve treatments
according to a six by two factorial arrangement with (i) six levels of standardised
ileal digestible (SID) SAA to lysine (Lys) levels of 0.51, 0.55, 0.61, 0.62, 0.66
and 0.70, and (ii) with or without antimicrobials (amoxicillin and zinc oxide)
in the diet. Pigs had ad libitum access to the diet (10.4 MJ.NE/kg, 12.4 g/kg
Lys, 197 g/kg CP) for three weeks after weaning. Pigs were infected with ETEC
(O149:K98:K88) at 72, 96, and 120 h after weaning. Blood samples were taken
from all pigs on d 4, 11 and 19. Analysis of diets revealed diets fed to pigs in the
second replicate had SID SAA:Lys levels far above that of the first replicate of pigs
(>30%). Furthermore, a salmonella strain was found to be infecting pigs, but it
was unknown what percentage of pigs were affected as clinical signs of salmonella
and E. coli are similar and infection with one pathogen is not mutually exclusive
of the other. Data from the second replicate of pigs was therefore not used in
the statistical analysis. Inclusion of AMC in the diet improved daily gain (P =
0.044) and protein utilisation (as measured by plasma urea) on d 11 and 19 after
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weaning (P < 0.001). Plasma haptoglobin levels on d 11 and 19 were lower in
pigs fed AMC than pigs not fed AMC (P = 0.041). Pigs fed AMC had better
faecal consistency and less shedding of E. coli than pigs not fed AMC (P >
0.05). There was a weak trend for pigs fed 0.70 SID SAA:Lys to have greater
levels of E. coli shedding than pigs fed lower levels (P = 0.093) but this did not
translate to a worsened faecal consistency (P > 0.05). An interaction effect of
day of sampling and SAA level in the diet was found where pigs fed above 0.61
SID SAA:Lys increased their plasma levels of taurine over time whereas pigs fed
0.55 SID SAA:Lys or below had their plasma levels of taurine return to d 4 levels
on d 19 (P = 0.002). Plasma taurine data may indicate that suppling a SID
SAA:Lys at or above 0.61 may mitigate the decrease in taurine typically found
with immune system stimulation. These data shows that inclusion of AMC in
the diet imrpoves produciton performance and markers of inflammation, however
was unable to discern differences in these measures between SID SAA:Lys levels.
Keywords: E. coli, methionine, pig, sulphur amino acid, weaner
5.2.3 Introduction
Methionine (Met), an essential amino, is required in the diet in adequate amounts
for normal body functions and growth. Cysteine (Cys) is considered semi-essential
as it can be synthesised in the body from Met, but dietary provision of Cys can
make up to 50% of the requirement for Met (Chung and Baker 1992). Early
work by Cuthbertson (1931) in humans indicated that inflammatory challenges
might increase the requirement for sulphur amino acids (SAA; Met + Cys). It
is now known that in humans the requirement for SAA increases under condi-
tions of trauma, sepsis and injury, and that SAA deficiency may exert a pro-
inflammatory influence (Grimble 2006). Work by Kim et al. (2012a) found that
grower pigs challenged with a Escherichia coli -derived lipopolysaccharide (LPS)
had maximum growth at 0.75 standardised ileal digestible (SID) SAA:Lysine
(Lys) compared with pigs not challenged with LPS, with a break-point at 0.54.
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The National Research Council (2012) recommends a level of 0.56 SID SAA:Lys
for pigs between 50-75 kg.
The post-weaning period is typically coincidental with post-weaning di-
arrhea (PWD) and has been associated with inflammatory-like conditions in the
gastrointestinal tract of pigs (Burrin and Stoll 2003; Heo et al. 2013). Post-
weaning diarrhoea is a multifactorial disease that is generally associated with
large amounts of pathogenic E. coli. The National Research Council (2012) rec-
ommends a SID SAA:Lys ratio of 0.55 and 0.56 for pigs between 5-7 and 7-11 kg,
however as indicated above, this may not be sufficient to meet the additional re-
quirement for SAA by immune system stimulation and growth (Kim et al. 2012a;
Kim et al. 2012b; Rakhshandeh et al. 2014).
The present study aimed to determine if higher levels SAA in the diet
of weaner pigs could yield similar production performance, indicators of immune
function and indices of protein/amino acid utilisation as pigs provided with AMC
and infected with E. coli. It was predicted that pigs fed AMC in the diet would
have less PWD and reduced shedding of E. coli and markers of inflammation
compared with those not supplied with AMC. It was also hypothesised that pigs
fed AMC would not respond to an increased SAA level in the diet. Furthermore,
it was predicted that pigs fed higher levels of SAA and no AMC would show
similar production performance, indicators of inflammation and plasma amino
acid profiles as pigs fed AMC in the diet.
5.2.4 Materials and Methods
The experimental protocol was reviewed and approved by the Animal Ethics
Committee of the Department of Agriculture and Food Western Australia (AEC
1-12-08) and Murdoch University (R2490/12).
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5.2.4.1 Experimental Design
A total of 144 pigs were stratified into one of 12 treatments (n = 12) according
to a six by two factorial arrangement of (i) six levels of calculated SID SAA:Lys
(0.50, 0.54, 0.58, 0.62, 0.66, 0.70), and (ii) with or without AMC in the diet,
in a completely randomised block design. Pigs were fed experimental diets for
three weeks after weaning and infection with ETEC occurred at 72, 96 and 120
h after weaning. Diets were formulated to meet the minimum recommendations
according to National Research Council (2012) guidelines with the exception of
Lys and SAA.
5.2.4.2 Animals, housing and diets
The 144 pigs [6.7 ± 0.88 kg; mean ± SD (Large White x Landrace, mixed sex)]
were sourced from a commercial piggery at weaning (21 d of age) in two repli-
cates of 72 pigs ten weeks apart. Upon arrival, pigs were randomly allocated to
treatments according to initial body weight and block within the facility. Pigs
were housed individually with a space allowance of 0.4 m2, with a feeder and a
nipple bowl drinker situated in each pen. All pens were contained within the
same room, with uninfected located pigs at the front of the room so that the
workflow was directed from uninfected pigs to infected pigs to prevent possible
contamination to the non-infected pigs. Ambient temperature was maintained
at 29 ± 1◦C for the first week and decreased by 2◦C in subsequent weeks. Pigs
had ad libitum access to water and the experimental diets for three weeks after
weaning. Pigs were monitored twice daily and were weighed weekly until d 21.
Feed intake was measured as feed disappearance. Feed wastage was negligible.
A basal diet based on wheat, barley, whey and soybean meal was for-
mulated to contain 10.4 MJ NE. Formulation of the diet was based on analysed
amino acid contents of ingredients and established SID coefficients to achieve suf-
ficient levels of all nutrients, except SAA and Lys (Sauvant et al. 2004). Diets
were formulated such that Lys was marginally limiting for these pigs (National
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Research Council 2012). To create the extreme high SAA diet, synthetic Met
and Cys were added to basal diet. Diets with ratio between 0.50 and 0.70 were
manufactured by blending the basal diet with this extreme high diet. Before man-
ufacture, feed ingredients were assessed for amino acid content then diets were
re-formulated to reflect these values. Diets containing AMC contained amoxi-
cillin (Solumox, Bayer Australia, Pymble NSW, Australia) and zinc oxide (ZnO).
Diets were formulated one week prior to arrival pigs (i.e. in two replicates)
After manufacture diet samples were analysed for gross energy (GE)
using a ballistic bomb calorimeter (Invivo Labs, Binh Duong City, Vietnam), and
crude protein (CP) and amino acid contents were determined using wet chemistry
by Evonik (Hanau, Germany) as described in Htoo et al. (2007). Corrected SID
SAA:Lys ratio were then calculated after estimating individual contents of SID
SAA and Lys for each diet using the following formula:
Corrected SID = (calculated SID x analysed total content) / calculated total
content.
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Table 5A.1: Composition of Experimental Diets (g/kg as fed basis)
Without AMC With AMC
Calculated SID SAA:Lys 0.50 0.70 0.50 0.70
Ingredients (g/kg)
Wheat 427.3 427.3 427.3 427.3
Barley 200.0 200.0 200.0 200.0
Soyabean meal 205.4 205.4 205.4 205.4
Whey powder 80.0 80.0 80.0 80.0
Canola oil 30.0 30.0 30.0 30.0
Cornstarch 10.0 5.6 6.0 1.6
Dicalcium phosphate 12.5 12.5 12.5 12.5
Limestone 9.2 9.2 9.2 9.2
Salt 2.0 2.0 2.0 2.0
Choline chloride 0.2 0.2 0.2 0.2
Mineral vitamin premixB 2.0 2.0 2.0 2.0
L-Lys 5.52 5.52 5.52 5.52
L-Thr 2.49 2.49 2.49 2.49
L-Trp 0.77 0.77 0.77 0.77
L-Val 1.32 1.32 1.32 1.32
L-Ile 0.52 0.52 0.52 0.52
DL-Met
L-Cys − 1.45 − 1.45
Zinc Oxide − − 3.0 3.0
Amoyxcillin − − 1.0 1.0
Calculated composition
NE (MJ/kg) 10.4 10.4 10.4 10.4
Crude Protein 197 197 197 197
SID Amino AcidsA
Lys 12.4 12.4 12.4 12.4
Met 3.2 4.8 3.2 4.8
Cys 3.0 3.9 3.0 3.9
Met + Cys 6.2 8.7 6.2 8.7
Thr 8.2 8.2 8.2 8.2
Trp 2.9 2.9 2.9 2.9
Ile 7.2 7.2 7.2 7.2
Val 8.8 8.8 8.8 8.8
Leu 12.3 12.3 12.3 12.3
Arg 10.5 1.05 10.5 1.05
His 4.2 4.2 4.2 4.2
Phe 8.1 8.1 8.1 8.1
SAA:Lys 0.50 0.70 0.50 0.70
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A SID= standardised ileal digestible (SID amino acid contents were calculated
based on analysis of feed ingredients and tables from Sauvant and Perez 2004)
B Provided per kg air dry diet: vitamin A 7000 IU, vitamin D3 1400 IU, vitamin
E 20 mg, vitamin K 1 mg, thiamine 1 mg, riboflavin 3 mg, pyridoxine 1.5 mg,
cyanocobalamin 15 µg, calcium pantothenate 10.7 mg, folic acid 0.2 mg, niacin 12
mg, biotin 30 µg, Co 0.2 mg (as cobalt sulphate), Cu 10 mg (as copper sulphate),
iodine 0.5 mg (as potassium iodine), iron 60 mg (as ferrous sulphate), Mn 40 mg
(as manganous oxide), Se 0.3 mg (as sodium selenite), Zn 100 mg (as zinc oxide)
(provided by Biojohn Pty Ltd., WA, Australia);
Abbreviations: AMC = antimicrobial compounds
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5.2.4.3 Experimental infection with ETEC and measurements of PWD
The inoculation culture of ETEC was grown as described by Heo et al. (2009).
Infection with 6, 8, and 10 mL of ETEC (2.64 x 108 CFU/mL, β-haemolytic
serotype O149:K98:K88; toxins LT, ST, and STb) occurred at 72, 96, and 120
h after weaning, respectively. The inoculation procedure involved mild restraint
with inoculum administered orally via a drench gun in 2 mL aliquots.
Faecal consistency (FC) was assessed daily for 14 d after weaning using
a four-point scale. Faeces were given a score of (1) firm, (2) soft, spreads slightly,
(3) very soft, spreads easily or (4) watery liquid consistency with the latter being
considered diarrhoea. This score was then converted to percentiles such that 1
= 0%, 2 = 33.3%, 3 = 66.7% and 4 = 100%, to allow for statistical analysis.
The diarrhoea index (DI) was calculated as the mean proportion of days with
diarrhoea with respect to 14 d after weaning (Heo et al. 2009).
Faecal shedding of β-haemolytic ETEC was assessed on d 0, 3, 5, 7, 9,
11 and 14 after weaning by inserting a cotton swab into the anus. Swabs were
then used to inoculate sheep blood (50 mL/L) agar plates (PathWest, Western
Australia). Plates were incubated overnight at 37◦C and were assessed based on
morphology and haemolysis. Scores were given to plates on a six-point scale from
0 to 5 where 0 = no growth and 5 = growth in the fifth section of the plate (Heo
et al. 2009).
5.2.4.4 Blood sampling and analysis
Blood was collected on d 4, 11 and 19 after weaning via jugular venipuncture into
a 9 mL heparinised vacutainer. Samples were immediately placed on ice before
being centrifuged for 15 minutes at 2000 x g. Plasma was then recovered and
stored at 20◦C until analysis. An Olympus AU400 analyser (Toyko Japan) was
used to determine plasma levels of the acute phase proteins (APP) haptoglobin
(Makimura and Suzuki 1982) and acid soluble glycoprotein (ASG) (Tecles et al.
2007), and also plasma urea (PU; Olympus Reagent Kit OSR6134, Beckman
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Coulter Ireland Inc., Co, Clare, Ireland). Plasma were also analysed for amino
acid content by ultrafiltration (Nathan et al. 2004) followed by quantification
using RP-UPLC (Waters Corp, Milford MA, USA) based on a method by (Cohen
and Michaud 1993) at the Australian Proteome Analysis Facility, Macquarie,
Australia.
5.2.4.5 Statistical analysis
As the analysed levels of SAA in the diets fed to the second replicate of pigs
was above calculated levels and salmonellosis in the second replicate also affected
pigs, data from this replicate could not realistically be used. Due to many pigs
losing weight in the first week after weaning, production data for the first and
second week were combined. All statistical analyses were performed using GLM
procedures in SPSS (ver 21, IBM, Chicago, USA) with SID SAA:Lys level and in-
clusion of AMC as factors and the individual pig as the experimental unit. Where
treatment effects were significant the means were separated using Fisher’s pro-
tected least significant difference test. Plasma analytes were further analysed in
SPSS using the repeated measures function. Statistical significance was accepted
at P < 0.05 and 0.05 < P < 0.10 was considered a trend.
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5.2.5 Results
5.2.5.1 Diet analysis
Chemical analyses of diets fed to pigs in the first replicate were found to be
similar to calculated values. Diets not containing AMC manufactured for the
second replicate of pigs were found to have very high levels of SAA. Diets were
found to have an analysed SAA:Lys of 0.65, 0.70, 0.74, 0.73, 0.83 and 0.86 instead
of calculated levels of SID SAA:Lys 0.50, 0.54, 0.58, 0.62, 0.66 and 0.70.
5.2.5.2 Assessment of PWD
The DI was lower in pigs provided AMC (P < 0.001). Shedding of ETEC (as
measured by faecal ETEC score) was also lower in pigs fed AMC on d 5 after
weaning (P < 0.001). On d 7 there was no effect of dietary treatment on shedding
of ETEC (P > 0.05). On d 9 there was a weak trend for pigs fed 0.70 corrected
SID SAA:Lys to have higher levels of ETEC shedding than pigs fed lower levels
of SID SAA:Lys (P = 0.093). Pre-infection level FC was firm. Faecal consistency
was looser in pigs not fed AMC in the diet from d 4-7 (P < 0.001) and d 8-11 (P
= 0.026). No differences between treatment groups were found for FC between d
12 -14 (P > 0.05; Table 3).
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5.2.5.3 Production performance
Daily gain in the first two-weeks was not affected by dietary treatments (P >
0.05). Pigs fed AMC in the diet had greater ADG than pigs not fed AMC in
the third week after weaning (P = 0.044). No differences were found between
treatments for ADG of the overall three-week period after weaning (P > 0.05).
Feed intake was not affected by treatments for any time period (P > 0.05). Feed
conversion efficiency tended to be better in pigs fed AMC than pigs not fed AMC
in the first two weeks after weaning (P = 0.087). Pigs fed 0.70 SID SAA:Lys and
AMC in the diet tended to have better feed conversion than pigs fed the same
level of SAA but no AMC in the first two weeks after weaning (P = 0.080). No
differences were found between treatments on feed conversion for the third week
after weaning and overall three-week period after weaning (P > 0.05; Table 4).
5.2.5.4 Plasma levels of haptoglobin and ASG
There was an overall interaction effect of time and AMC in the diet where pigs
not fed AMC had higher levels of haptoglobin on d 11 and 19 than pigs fed AMC
(P =0.041). Plasma levels of ASG were higher on d 11 and 19 than on d 4 after
weaning (P < 0.001). No effect of treatment was found for ASG at any sampling
time point (P> 0.05; Table 5)
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5.2.5.5 Plasma urea and amino acids
An overall interaction effect was found between time and AMC in the diet where
pigs fed no AMC had higher PU on d 11 and 19 than pigs fed AMC (P < 0.001;
Table 5).
Pigs had higher levels of plasma Lys on d 11 than on d 4 and d 19 (P
< 0.001). Plasma levels of Met were higher on d 11 and d 19 than on d 4 (P
< 0.001). Pigs fed 0.70 and 0.62 SID SAA:Lys had higher levels of plasma Met
than pigs fed other ratios (P < 0.001). Plasma Cys levels were highest on d 4,
then on d 11 and lowest on d 19 (P < 0.001). Plasma levels of Cys were higher
on d 4 in pigs fed AMC than pigs not fed AMC, however on d 11 and d 19, pigs
fed AMC had lower levels of plasma Cys than pigs not fed AMC (P < 0.001). A
weak interaction trend was found between SAA and AMC for plasma Cys (P =
0.097; Table 6). Plasma serine levels were lower in pigs fed AMC than pigs not
fed AMC (P < 0.001). Plasma levels of serine were lowest on d 4 and highest
on d 11 (P < 0.001). An interaction trend was found between day of sampling
and AMC in the diet where pigs fed AMC tended to have lower levels of serine
than pigs not fed AMC on d 11 and 19 after weaning (P = 0.076). In pigs fed
below 0.55 SID SAA:Lys, plasma taurine levels on d 19 returned to levels from d
4, but in pigs fed above 0.61 SID SAA:Lys, plasma taurine levels did not return
to levels from d 4 (P = 0.002). Plasma levels of homocysteine were higher on d
4 than on d 11 and d 19 (P < 0.001). Pigs fed AMC had lower levels of plasma
homocysteine on d 19 than pigs not fed AMC (P = 0.020; Table 7).
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5.2.6 Discussion
The aim of this experiment was to determine if pigs not supplied with AMC
but supplemented with SAA above the recommended level (NRC, 2012) would
have similar indices of production, indicators of inflammation and plasma amino
acid profiles as pigs fed AMC in the diet. However in the second replicate of
pigs, the analysed composition of diets revealed that the SAA content of diets
not containing AMC was higher (by as much as 30%) than corresponding diets
fed to pigs in replicate one. This discrepancy between calculated composition
and analyzed content may have been caused by an error in feed manufacture
or degredation of feed ingredients from time of analysis feeding and re-analysis.
Furthermore, in the second replicate three pigs tested positive for salmonella.
This strain of salmonella was found subsequently to be resistant to amoxicillin,
thus pigs fed AMC diets were not protected from infection. It was also not
known how many pigs were affected by salmonella infection (or if it was equally
distributed between treatments) as clinical signs were similar to PWD caused
by ETEC. Furthermore, either E. coli or salmonella is not mutually exclusive
of the other. For these reasons data from the second replicate of pigs was not
included in this manuscript and essentially halved the sample size and reduced
the statistical power of this experiment. This reduced statistical power increases
the chance of falsely rejecting the hypothesis as detectable differences between
treatments higher than if the power (and sample size) were greater.
5.2.6.1 Production data
It was predicted that pigs would positively respond to additional SAA in the
diet and infected with ETEC. The present study found that inclusion of AMC in
the diet of weaner pigs improved production performance. Numerous studies in
pigs have demonstrated that inflammatory and (or) immune stress can increase
the requirement for SAA (Li et al. 2007; Rakhshandeh and de Lange 2011; Kim
et al. 2012a; Kim et al. 2012b; Litvak et al. 2013; Rakhshandeh et al. 2014).
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However the present study did not find a positive effect of increasing SAA in the
diet on production traits. This could likely be due to the small sample size (due
to having to disregard the second replicate) and the highly variable nature of
production in the immediate post-weaning period.
5.2.6.2 Assessment of infection with E. coli
It was expected that inclusion of AMC would prevent the proliferation of E.
coli and reduce the indices of PWD. In congruency with this, the present study
found that pigs not fed AMC had deteriorated FC and increased shedding of
ETEC compared to pigs fed diets including AMC. The present study found a
weak trend for greater levels of ETEC shedding with higher levels of SAA. This
phenomenon is unexpected and difficult to explain, therefore further investigation
into the mechanisms behind this result should be conducted.
5.2.6.3 Indicators of inflammation
It was hypothesised that pigs not supplied with AMC and fed higher than rec-
ommended levels of SAA would have similar markers of inflammation as pigs
fed AMC. Acute phase proteins (APP) are often used as markers of inflamma-
tion and indicators of herd health (Eckersall et al. 1996). The inflammatory
response increases the requirement for SAA as some proteins require great SAA
than muscle. For example, haptoglobin, an acute phase protein that increases
with inflammation, has 40 g SAA/ kg protein while muscle only has 35 g SAA/kg
protein (Reeds et al. 1994). The present study found an increase in haptoglobin
and ASG levels after infection with E. coli (d 11 and 19 vs d 4), which indicated
pigs were suffering from greater inflammation on those days. On d 19, the present
study found that pigs fed AMC had lower levels of haptoglobin than pigs not fed
AMC, which demonstrated that the duration of inflammation might have been
shortened in pigs fed AMC. It has been demonstrated that inclusion of ZnO can
improve immunity, improve intestinal barrier function, mucosal thickness and can
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also inhibit growth of some pathogens (Vondruskova et al. 2010; Li et al. 2001;
Zhang and Guo 2009), so this result was expected. However, and unexpectedly,
no effects of SAA levels were found on markers of inflammation. This is likely due
the sample size of the present study not being large enough to detect statistical
differences.
5.2.6.4 Plasma urea
Levels of urea in the blood have been used to indicate protein utilisation effi-
ciency and diets with unbalanced amino acid content increase PU (Heo et al.
2009; Kim et al. 2011). Conversely, a decrease in PU can indicate a decrease in
muscle protein degradation, increased muscle synthesis or nitrogen use efficiency
is increased (Shen et al. 2012). The present study found that PU was lower in
pigs fed AMC in diet on d 11 and 19 indicating that either muscle catabolism
was lower or protein utilisation was higher in these pigs. This was likely due to
pigs fed AMC having a lower immune challenge and having greater growth than
pigs not fed AMC.
5.2.6.5 Plasma amino acid profiles
It was predicted that at a higher than recommended level of SAA, pigs not fed
AMC in the diet would have similar amino acids profiles as pigs supplied with
AMC in the diet. Grimble et al. (1992) also reported that some substances
that require SAA, such as serine, increase under conditions of inflammation. The
present study found that inclusion of AMC in the diet decreased serine and that
serine levels were highest on d 11, which indicates that inflammation may have
been less in pigs fed AMC and greater after infection.
Work by Kim et al. (2012a) in grower pigs challenged with an LPS
injection found that immune system stimulation with LPS generally decreased
plasma levels of amino acids and that increasing dietary levels of SAA resulted in
increased plasma Met, Cys, homocysteine and taurine and decreased serine levels.
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Work in weaner pigs with two levels of as-fed SAA:Lys (0.41 vs 0.51) found that
increasing SAA increased plasma Cys on d 7 after weaning, and increased plasma
Met, Cys and taurine on d 14 after weaning (Chen et al. 2014). In congruency
with previous literature, increasing the SAA content of the diet in the present
study increased the plasma levels of Met. The decrease in plasma Cys found in
the present study in pigs not fed AMC may be indicative of increased immune
system stimulation.
Plasma taurine represents an irreversible loss of Cys and plasma taurine
has been found to decrease with immune stimulation and that additional provision
of SAA may mitigate this decrease (Malmezat et al. 1998; Rakhshandeh and de
Lange 2011). The present study found that in pigs fed 0.55 or below, plasma
taurine levels were the same on d 4 and 19 and higher on d 11, but in pigs fed
0.61 and above, plasma taurine levels increased with time. Therefore the plasma
taurine data in the present study may indicate that at 0.61 SID SAA:Lys the
increased SAA requirements from immune system stimulation have been met.
Homocysteine is produced as an intermediary between Met and Cys
(Pietrzik and Bronstrup 1996). A review of SAA intake on human immune func-
tion, and in particular the inflammatory response, described higher plasma levels
of homocysteine as being associated with inflammation (Grimble 2006). As ex-
pected and in congruency with Kim et al (2012a), the present study found that
on d 19, pigs fed diets without AMC had higher levels of homocysteine than pigs
fed AMC.
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5.3.1 Summary Text
The post-weaning period is a stressful time for pigs and may increase the dietary
requirement for sulphur amino acids (SAA) above the recommended level, par-
ticularly in the adaptation phase. The present experiment showed that feeding a
SAA level 40% above requirements was excessive and impaired production per-
formance. However gut morphology and indicators of post-weaning diarrhea were
not affected.
5.3.2 Abstract
This experiment aimed to determine if additional supplementation of sulphur
amino acids (SAA) would benefit production, reduce indices of inflammation,
and improve gut structure and function in pigs after weaning when infected with
an enterotoxigenic strain of Escherichia coli (ETEC). Individually-housed male
pigs (n = 32) weaned at 21 d of age (Landrace x Large White) were sourced from
a commercial breeding farm in two replicates, 10 weeks apart. Pigs were weighed
(6.7 ± 0.84; mean ± SD) and then stratified into one of four treatments (n = 8)
by weight according to a two by two factorial arrangement of (i) with or with-
out antimicrobial compounds (AMC) and (ii) two calculated standardised ileal
digestible (SID) ratios of SAA to lysine (SAA:Lys) of 0.51 and 0.70. Pigs had ad
libitum access to diets (10.4 MJ NE/kg, 12.4 g/kg SID Lys, 197 g/kg CP) for the
duration of the experiment. Pigs were infected with ETEC (O149:K98:K88) at
72, 96, and 120 h after weaning. Pigs were bled on d 4 and 11 and were sacrificed
on d 11. Chemical analysis of diets revealed that diets used in the second repli-
cate had much higher levels (by as much as 30%) of SAA than diets from the first
replicate. Data from both replicates could therefore not be combined and data
from the second replicate was not used, thereby halving the sample size. Nev-
ertheless, feeding pigs a SID SAA:Lys of 0.70 depressed feed intake (P = 0.038)
and tended to decrease daily gain (P = 0.053) compared to pigs fed 0.51 SID
SAA:Lys. Experimental infection with ETEC to induce post-weaning diarrhoea
166
Chapter 5. Experiment 3 Part B
was deemed unsuccessful as measurements of faecal shedding were minimal and
faecal consistency did not deteriorate. Indicators of inflammation, haptoglobin
and acid soluble glycoprotein, did not vary between treatment groups (P > 0.05),
nor did gene expression of toll-like receptor-4 in the ileum (P > 0.05). Additional
provision of SAA tended to reduce expression of glutathione disulphide reductase
(P = 0.077) but not glutathione peroxidase (P > 0.05) indicating a reduced ca-
pacity to combat oxidative stress. In conclusion, these data indicate that a SID
SAA:Lys of 0.70 was excessive for the requirements of the weaner pig and detri-
mental to production performance but without affecting indices of inflammation
or gut morphology.
Keywords: E. coli, gut, methionine, pig, sulphur amino acid, weaner
5.3.3 Introduction
Burrin and Stoll (2003) described the changes around weaning as having an
“acute” phase, from days 1-6 after weaning, and an “adaptive” phase, from days
6 to days 12 after weaning, where the gastrointestinal tract responds (adapts)
to the changes. Authors (Pie´ et al. 2004; Gallois et al. 2009) have described
inflammatory-type conditions along the length of the gastrointestinal tract dur-
ing this “acute” phase coincidental with post-weaning diarrhoea caused by E.
coli. In this regard, it is common for many pigs to receive antimicrobial com-
pounds (AMC) such as antibiotics and high levels of zinc oxide (ZnO) to overcome
the potential negative effects of E. coli and reduce inflammatory effects in the
gastrointestinal tract.
Methionine (Met) is a sulphur-based essential amino acid and is re-
quired for correct immune function (Rakhshandeh et al. 2007) and the synthesis
of glutathione. Cysteine (Cys) is a semi-essential amino acid as it can be synthe-
sized in the body in the presence of Met. Together Met and Cys are commonly
referred to as SAA. Studies have indicated that the conversion rate of Met to
Cys (which is irreversible) increases during immune system stimulation to meet
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the Cys needs for the immune system and thus increases the dietary SAA re-
quirements to satisfy the needs of protein synthesis (Malmezat et al. 2000).
Rakhshandeh et al. (2007) showed that growing pigs have an increased need for
dietary SAA when the immune system is stimulated with intramuscular injection
of E. coli lipopolysaccharides (LPS). Further work by Kim et al. (2012) found
that pigs immune stimulated with an LPS injection required at least 36% more
SAA, to mount an immune response, than pigs not immune stimulated. The
current recommended level is 0.55 and 0.56 standardised ileal digestible (SID)
SAA:Lysine (SAA:Lys) for pigs between 5-11 and 7-11 kg, respectively (National
Research Council 2012). However, and as indicated above, these levels might
be insufficient for pigs suffering inflammatory-type conditions, such as weanling
pigs.
Oxidant molecules increase activity of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB) (Grimble, 1998) and would signal a pro-
inflammatory influence. Glutathione, amongst other functions, is a powerful
anti-oxidant as it acts as a reactive oxygen species scavenger (Wu et al. 2004).
Therefore capacity to maintain and increase concentrations of glutathione is par-
ticularly important in cytokine production. Glutathione is comprised of Cys,
glutamine and glycine thus adequate supply of SAA is needed to maintain glu-
tathione levels. Anti-oxidant defences may become compromised at low intakes
of SAA.
The overall aim of this experiment was to examine if higher levels of
SAA in pig diets would have beneficial effects in the adaptive phase of weaning
on production, inflammation and structure and function of the gastrointestinal
tract following infection with E. coli. It was hypothesised that providing a diet
with additional SAA above the recommended level would have a positive effect
on production performance, reduce indices of inflammation, and improve indices
of gastrointestinal tract structure and function.
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5.3.4 Materials and Methods
The experimental protocol was reviewed and approved by the Animal Ethics
Committee of the Department of Agriculture and Food Western Australia (AEC
3-11-17) and Murdoch University (R2436/11).
5.3.4.1 Experimental design
A total of 32 pigs was stratified into one of four treatments (n = 8) according to a
two by two factorial arrangement of (i) without and with AMC (amoxicillin and
ZnO) and (ii) two dietary ratios of (analysed) SAA to Lys of 0.50 and 0.70, in
a completely randomised block design. Due to facility size, pigs were sourced in
two replicates with 16 pigs per replicate, and 10 weeks between replicates. Pigs
(n = 4 per treatment per day) were sacrificed on d 11 after weaning. Pigs were fed
experimental diets until the day of sacrifice and infection with enterotoxigenic E.
coli (ETEC) occurred at 72, 96 and 120 h after weaning. Diets were formulated
to meet the minimum recommendations according to National Research Council
(2012) guidelines with the exception of Lys and SAA.
5.3.4.2 Animals, housing and diets
The 32 male pigs (6.7 ± 0.84 kg; mean ± SD (Large White x Landrace, mixed
sex)) were sourced from a commercial piggery at weaning (21 d of age). Upon
arrival, pigs were randomly allocated to treatments according to initial body
weight within the facility. Pigs were housed individually with a space allowance
of 0.4 m2, a feeder and a nipple bowl drinker situated in each pen. All pens were
contained within the same room. Ambient temperature was maintained at 29 ±
1◦C. Pigs had ad libitum access to water and allocated experimental diet until
sacrifice. Pigs were monitored twice daily and were weighed before sacrifice.
A basal diet based on wheat, barley, whey and soybean meal was for-
mulated to contain 10.4 MJ NE. Formulation of the diet was based on analysed
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amino acid contents of ingredients and established SID coefficients to achieve suf-
ficient levels of all nutrients, except SAA and Lys (Sauvant et al. 2004). Diets
were formulated such that Lys was marginally limiting for these pigs (National
Research Council 2012). To create the high SAA diet, synthetic Met and Cys
were added to the basal diet. Before manufacture, feed ingredients were analysed
for amino acid content then diets were re-formulated to reflect these values. To
assess the potential positive impacts of feeding higher SAA levels on measures
of inflammation, a diet containing commonly-used AMCs was used so that the
effectiveness of SAA against the antimicrobials can be compared. Diets con-
taining AMC contained amoxicillin (Solumox, Bayer Australia, Tymble NSW,
Australia) and ZnO. Diets were formulated one week prior to arrival pigs (i.e. in
two replicates).
Diet samples were analysed using a ballistic bomb calorimeter to deter-
mine gross energy (GE) (Invivo Labs, Binh Duong City, Vietnam). Diets were
also analysed for CP and AA content by Evonik (Hanau, Germany) as described
by (Htoo et al. 2007). The diet compositions are presented in Table 1. Diet SID
levels for Trp and Lys were calculated according to the following formula;
SID analysed feed = (calculated SID / calculated total content) x analysed total
content.
5.3.4.3 Experimental infection with ETEC
The inoculation culture of ETEC was grown as described by Heo et al. (2009).
Infection with 6, 8, and 10 mL of ETEC (2.64 x 108 CFU/mL, β-haemolytic
serotype O149:K98:K88; toxins LT, ST, and STb) occurred at 72, 96, and 120
h after weaning, respectively. The inoculation procedure involved mild restraint
with inoculum administered orally via a drench gun in 2 mL aliquots. Faecal
swabs were taken regularly after weaning to assess ETEC shedding (faecal ETEC
score).
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Table 5B.1: Composition of Experimental Diets (g/kg as fed basis)
AMC Without AMC With AMC
SID SAA:Lys 0.51 0.69 0.51 0.70
Ingredients (g/kg)
Wheat 427.3 427.3 427.3 427.3
Barley 200.0 200.0 200.0 200.0
Soyabean meal 205.4 205.4 205.4 205.4
Whey powder 80.0 80.0 80.0 80.0
Canola oil 30.0 30.0 30.0 30.0
Cornstarch 10.0 5.6 6.0 1.6
Dicalcium phosphate 12.5 12.5 12.5 12.5
Limestone 9.2 9.2 9.2 9.2
Salt 2.0 2.0 2.0 2.0
Choline chloride 0.2 0.2 0.2 0.2
Mineral vitamin premixA 2.0 2.0 2.0 2.0
L-Lys 5.52 5.52 5.52 5.52
L-Thr 2.49 2.49 2.49 2.49
L-Trp 0.77 0.77 0.77 0.77
L-Val 1.32 1.32 1.32 1.32
L-Ile 0.52 0.52 0.52 0.52
DL-Met 0.76 2.18 0.76 2.18
L-Cys − 1.45 − 1.45
Zinc Oxide − − 3.0 3.0
Amoyxcillin − − 1.0 1.0
Calculated composition
NE (MJ/kg) 10.4 10.4 10.4 10.4
Crude Protein 197 197 197 197
SID Amino AcidsB
Lys 12.4 12.4 12.4 12.4
Met 3.2 4.8 3.2 4.8
Cys 3.0 3.9 3.0 3.9
Met + Cys 6.2 8.7 6.2 8.7
Thr 8.2 8.2 8.2 8.2
Trp 2.9 2.9 2.9 2.9
Ile 7.2 7.2 7.2 7.2
Val 8.8 8.8 8.8 8.8
Leu 12.3 12.3 12.3 12.3
Arg 10.5 1.05 10.5 1.05
His 4.2 4.2 4.2 4.2
Phe 8.1 8.1 8.1 8.1
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A Provided per kg air dry diet: vitamin A 7000 IU, vitamin D3 1400 IU, vitamin
E 20 mg, vitamin K 1 mg, thiamine 1 mg, riboflavin 3 mg, pyridoxine 1.5 mg,
cyanocobalamin 15 µg, calcium pantothenate 10.7 mg, folic acid 0.2 mg, niacin 12
mg, biotin 30 µg, Co 0.2 mg (as cobalt sulphate), Cu 10 mg (as copper sulphate),
iodine 0.5 mg (as potassium iodine), iron 60 mg (as ferrous sulphate), Mn 40 mg
(as manganous oxide), Se 0.3 mg (as sodium selenite), Zn 100 mg (as zinc oxide)
(provided by Biojohn Pty Ltd., WA, Australia);
B SID= standardised ileal digestible (SID amino acid contents were calculated
based on analysis of feed ingredients and tables from Sauvant and Perez 2004)
Abbreviations: AMC = antimicrobial compounds
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Faecal consistency was assessed daily for 14 d after weaning using a
four-point scale. Faeces were given a score of (1) firm, (2) soft, spreads slightly,
(3) very soft, spreads easily or (4) watery liquid consistency with the latter being
considered diarrhea. This score was then converted to percentiles such that 1
= 0%, 2 = 33.3%, 3 = 66.7% and 4 = 100%, to allow for statistical analysis.
The diarrhoea index (DI) was calculated as the mean proportion of days with
diarrhoea with respect to 14 d after weaning (Heo et al. 2009).
Faecal shedding of β-haemolytic ETEC was assessed on d 0, 3, 5, 7, 9,
11 and 14 after weaning by inserting a cotton swab into the anus. Swabs were
then used to inoculate sheep blood (50 mL/L) agar plates (PathWest, Western
Australia). Plates were incubated overnight at 37◦C and were assessed based on
morphology and haemolysis. Scores were given to plates on a six-point scale from
0 to 5 where 0 = no growth and 5 = growth in the fifth section of the plate (Heo
et al. 2009).
5.3.4.4 Blood sampling and analysis
Blood was collected on d 4 and 11 after weaning via jugular venepuncture into a 9
mL heparinised vacutainer. Samples were immediately placed on ice before being
centrifuged for 15 min at 2000 x g. Plasma was then recovered and stored at -20◦C
until analysis. An Olympus AU400 analyser (Tokyo, Japan) was used to deter-
mine plasma levels of the acute phase proteins (APP), haptoglobin (Makimura
and Suzuki 1982) and acid soluble glycoprotein (ASG; Tecles et al. (2007)), and
also plasma urea (OSR6134, Olympus Reagent Kit, Beckman Coulter Ireland
Inc., CO Clare. Ireland), by the Animal Health Laboratories (Department of
Agriculture and Food, South Perth, Western Australia).
5.3.4.5 Euthanasia of piglets
Pigs were euthanized humanely by an intravenous injection of sodium pentobar-
bital (Lethobarb, Virbac (Australia) Pty. Ltd., Milperra Australia) administered
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at a dose rate of 2 mL per 5 kg of body weight. Upon confirmation of death,
animals were immediately dissected.
A 20 cm section of ileum was scraped using a sterile scalpel to ex-
tract approximately 2 g mucosa, which was stored in RNAlater solution (Cat
#AM7021, Life Technologies, Mulgrave, Australia) at 4◦C for 24 h and then at
-20◦C for subsequent gene expression analysis. A 20 cm section of jejunum was
also processed for mucosal scrapings and was snap frozen using liquid nitrogen
and stored at -80◦C until subsequent analysis for brush-border peptidases.
A section of jejunum was also harvested and rinsed in a 10% phosphate
buffer solution before being placed in a 10% formalin solution and stored at room
temperature until assessment for gut morphology.
5.3.4.6 Brush-border peptidase activities
Protein concentration and brush-border peptidase activities in the jejunum were
determined using a method adapted from Opapeju et al. (2009). The brush-
border peptidase activity was analysed for leucyl aminopeptidase (LAP), aminopep-
tidase A (APA), aminopeptidase N (APN) and dipeptidylpeptidase IV (DPP-IV).
5.3.4.7 Measurements of gene expression in the ileum
RNA was extracted from ileal mucosa samples using a Purelink RNA extraction
kit (Cat No. 12183018A, Invitrogen, Mulgrave, Australia). These extractions
were then analysed using a Nanodrop (Nanodrop 2000, ThermoScientific, Mul-
grave, Australia) to ensure quantity and purity of the extraction. Reactions were
then reverse transcribed using random primers (Cat No. 48190-011, Invitrogen,
Mulgrave, Australia) and reverse transcriptase (Cat No. 18080-044, Invitrogen,
Mulgrave, Australia). These reverse transcribed samples were then cycled on
a qPCR machine (Rotorgen Q, Qiagen, Venlo, The Netherlands) using SYBR
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green (Cat no. 11733-046, Invitrogen, Mulgrave, Australia) with primers for in-
testinal alkaline phosphatase (IAP), toll-like receptor-4 (TLR4), glutathione per-
oxidase (GSHPx), glutathione disulfide reductase (GSR) and beta actin (ACTB;
housekeeping gene), and a standard curve using pooled samples with 1:10 serial
dilutions. Primers for target genes are presented in Table 2. Data were then
analysed using the method described by Pfaﬄ (2001) which determines the effi-
cacy of primers against a housekeeping gene (in this case ACTB) and factors this
into the determination of quantity of RNA expressed for each gene.
5.3.4.8 Gut morphology
For measurements for villous height and crypt depth, the jejunal samples stored
in 10% formalin solution were used. Two transverse sections (4- 6 µm) from each
jejunum section were cut, stained with haematoxylin and eosin and mounted on
glass slides. The height of 10 well orientated villi and their associated crypts
were measured using a light microscope (Olympus CX31, Tokyo Japan) using a
calibrated eyepiece graticule (Pluske et al. 1996).
5.3.4.9 Statistical analysis
Due to poor diet manufacture, data from the second replicate of pigs could not
be used. All statistical analyses were hence conducted with a total of 16 pigs (n
= 4 per treatment). All statistical analyses were performed using the generalised
linear modelling function in SPSS (Version 21, IBM) with SAA:Lys ratio and
AMC inclusion in the diet as fixed variables and the pig as the individual unit.
Where treatment effects were significant the means were separated using Fisher’s
protected least significant difference test. Statistical significance was accepted at
P < 0.05 and 0.05 < P < 0.10 was considered a trend.
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5.3.5 Results
5.3.5.1 Diet analysis
Diets fed to Replicate One pigs were close to expected values (Table 3), however
analysis of diets revealed that the second replicate varied greatly from the cal-
culated SAA content for pigs fed AMC in the diet. Diets formulated to contain
0.50 SID SAA:Lys and no AMC had an analysed SAA:Lys of 0.53 and 0.65 in
Replicate One and Replicate Two, respectively. Diets formulated to contain 0.70
SID SAA:Lys and no AMC were found to have an analysed content 0.70 and 0.86
SAA:Lys in Replicate One and Replicate Two, respectively. At this point the
decision was made to exclude pigs from the second replicate from the analyses.
5.3.5.2 Production traits
Initial body weight did not differ between treatments (P > 0.05). Body weight
on d 11 tended to be higher in pigs fed low levels of SAA and AMC than pigs
fed high levels of SAA and AMC (P = 0.092). Daily gain tended to be lower in
pigs fed the higher level of SAA than pigs fed the lower level (P = 0.053). An
interaction trend was also found where pigs fed low SAA and AMC had better
growth than pigs fed high SAA and AMC (P = 0.070). Feed intake was lower in
pigs fed high SAA than pigs fed low SAA (P = 0.038). An interaction effect was
found for feed intake where pigs fed low SAA and AMC ate more than pigs fed
high SAA and AMC (P = 0.067). No effect of dietary treatment was found for
feed conversion ratio (P > 0.05) (Table 4).
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Table 5B.3: Analysed composition of diets (g/kg as-fed basis)
AMC Without AMC With AMC
SID SAA:Lys 0.51 0.69 0.51 0.70
Gross energy (MJ/kg) 17.3 17.1 17.1 17.2
Crude protein (g/kg) 205 205 208 207
Amino acids (g/kg)
Met 3.6 4.9 3.5 5.1
Cys 3.6 4.3 3.5 4.5
Lys 13.6 13.2 13.7 13.6
The 9.3 9.2 9.1 9.3
Trp 3.2 3.2 3.2 3.2
Arg 12.5 12.3 12.5 12.7
Ile 8.5 8.3 8.4 8.6
Leu 14.3 14.0 14.2 14.3
Val 10.1 10.1 10.1 10.3
His 5.1 4.8 4.9 4.9
Phe 9.5 9.4 9.7 9.7
Gly 8.2 8.1 8.3 8.3
Ser 9.4 9.4 9.5 9.5
Pro 12.8 12.7 13.6 13.3
Ala 8.0 8.0 8.1 8.2
Asp 17.7 17.5 18.2 18.1
Glu 41.3 39.6 41.3 40.3
SID SAA:LysA 0.51 0.69 0.51 0.70
A SID = standardised ileal digestible corrected using the following formula;
SID analysed feed = (calculated SID / calculated total content) x analysed
total content.
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5.3.5.3 Indices of PWD
No differences were found between treatment groups for faecal consistency score
(P > 0.05; Table 5). Faecal ETEC scores were negligible and could not be
statistically analysed (data not shown).
5.3.5.4 Markers of inflammation
No differences between treatments were found for haptoglobin levels on d 4 (P >
0.05). Haptoglobin levels were lower in pigs fed AMC than pigs not fed AMC (P
= 0.030). There was no effect of time (day of sampling) on plasma haptoglobin
levels (P > 0.05). No differences were found between treatment groups for plasma
levels of ASG on either sampling day (P > 0.05). Levels of ASG were lower on d
4 than on d 11 (P = 0.001) (Table 6).
5.3.5.5 Gene expression in the ileal mucosa and gut morphology
Expression of IAP tended to be lower in pigs fed higher SAA than pigs fed lower
SAA (P = 0.067). Gene expression of TLR-4 and GSHPx were not affected by
dietary treatments (P > 0.05). Gene expression of GSR tended to be lower in
pigs fed higher SAA than pigs fed lower SAA (P = 0.077) (Table 7).
Villus height, crypt depth and villus to crypt ratio were not affected by
dietary treatment (P > 0.05) (Table 8)
5.3.5.6 Intestinal brush-border peptidase activities.
Additional SAA supplementation tended to decrease LAP activity (P
= 0.057). Activity of APA and APN were not affected by dietary treatment (P
> 0.05). Activity if DPP-IV tended to be higher in pigs fed AMC than pigs not
supplied AMC (P = 0.095) (Table 9).
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5.3.6 Discussion
The overall aim of this experiment was to examine whether incorporating higher
levels of SAA into a weaner pig diet than current recommendations (NRC 2012)
will have beneficial effects on production, reduce indices of inflammation and
immunology, and enhance indices of structure and function of the gastrointestinal
tract following infection with E. coli. The SAA contents in the diets prepared for
the second replicate of pigs deviated from the calculated composition by as much
as 30%. Diet samples were retested for amino acid content to ensure there was not
an error in analysis. The re-analysis found the same amino acid contents as the
first analysis; therefore this discrepancy was likely due to incorrect inclusion of
diet ingredients. Data collected from the second replicate of pigs was disregarded
and combining the data sets from both replicates was not applicable. Due to the
halving of the sample size, the statistical power of this experiment was reduced
and the probability of falsely rejecting the hypothesis was increased.
5.3.6.1 Production performance
It was predicted that infection with ETEC would increase the requirement for
SAA in the diets of weaner pigs to maintain growth and that pigs fed additional
SAA would have better production performance than pigs fed lower levels. Work
by other authors in growing pigs using a model of LPS injection to induce im-
mune stress found a positive response to increased levels of SAA in the diet above
levels currently recommended by the National Research Council (2012) (Kim et
al. 2012; Litvak et al. 2013). In weaner pigs, Gaines et al. (2005) estimated a
true ileal digestible SAA:Lys ratio of 0.59 using a two-slope broken line model.
However the present study, despite the small sample size, found a negative effect
on feed intake and less so on daily gain by increasing corrected SID SAA:Lys from
0.51 to 0.69. Edmonds et al. (1987) found that pigs could detect imbalances of
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Met in diets and developed aversions to such diets. Furthermore, as the pig re-
duces its feed intake a greater portion of nutrients are partitioned for maintenance
as opposed to growth, thus explaining the decreased growth observed.
5.3.6.2 Assessment of infection with ETEC
The negligible faecal ETEC scores (as measured by faecal swabs) in combination
with the low faecal consistency scores indicate that the ETEC infection was not
successful in inducing PWD in these animals.
5.3.6.3 Inflammation and oxidative capacity
It has been demonstrated that under infection urinary excretion of sulphur in-
creases to a lesser extent than nitrogen, indicated a preferential retention of SAA
under such conditions (Cuthbertson 1931). Grimble and Grimble (1998) stated
that an insufficient amount of SAA would exert a pro-inflammatory influence.
Therefore, it was hypothesised that pigs infected with ETEC would require a
greater amount of SAA in the diet. The present study used plasma levels of
acute phase proteins, haptoglobin and ASG, as indicators of inflammation. Work
by (Kim et al. 2012; Litvak et al. 2013) using a LPS injection to induce immune
stress in grower pigs found that haptoglobin levels were not affected by levels of
SAA. In congruency, the present study found no differences were found between
treatment groups for markers of inflammation, indicating treatment groups likely
had the same level of inflammation.
Toll-like receptor-4 detects bacterial endotoxins, such as LPS on E. coli
and gene expression is up-regulated by such toxins (Mani et al. 2012; Trevisi
et al. 2012). The present study measured TLR4 to determine if there was a
difference between treatments in the amount of endotoxin being produced in the
small intestine. However no differences were found between treatments again
indicating that pigs were under the same endotoxin load regardless of treatment
group.
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Glutathione is oxidised to a disulfide form with GSHPx as a catalyst.
Conversely, GSR reduces glutathione disulfide back to two glutathione molecules.
The present study found there were no differences in the GSHPx between treat-
ments, but GSR tended to be lower in pigs fed higher SAA than pigs fed low
SAA. This down-regulation means that glutathione is not being recycled and
would diminish the animal’s capacity to the negative effects of oxidation.
5.3.6.4 Gut morphology, intestinal alkaline phosphatase and brush
border enzymes
Deficiency of Cys in combination with low protein synthesis has been attributed to
the poorer intestinal characteristics found in neonatal pigs fed SAA-deficient diets
compared with those fed diets with SAA supplementation (Bauchart-Thevret et
al. 2009). Further work by Chen et al. (2014) found pigs fed an as-fed SAA:Lys
level of 0.51 had higher ratio of villi height to crypt depth in the small intestine
(duodenum, jejunum and ileum) compared with pigs fed 0.41 SAA:Lys on d 15
after weaning. Therefore it was predicted that as infection with ETEC would
increase the requirement for SAA, and that additional supplementation above
the NRC (2012) recommended level would maintain villous height, crypt depth
and the villous height to crypt depth ratio. The present study did not find a
difference in any measure of gut morphology, however this could be due to the
small sample size and (or) levels of SAA tested.
Intestinal alkaline phosphatase has been used as a marker of digestive
and absorptive function (Lackeyram et al. 2010). It is thought that luminal
deficiency or deprivation of amino acids decreases IAP via decreased epithelial
growth (Gibson et al. 1999). Therefore under conditions of ETEC infection, when
requirement for SAA may be greater, provision of SAA above the recommended
level would ensure that IAP levels are maintained. However the present study
found a strong trend that increasing SAA:Lys decreased expression of IAP in
ileum. It is known that Cys is an inhibitor of IAP (Lalle`s 2010), therefore these
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data support the notion that 0.70 corrected SID SAA:Lys is above the weaner
pig’s requirement and is detrimental to the pig.
Activity of brush border enzymes have been used to indicate digestive
capacity and maturation of the small intestine (Hampson and Kidder 1986). The
authors know of no data investigating the effect of additional supplementation of
SAA on brush border peptidase activity in weaner pigs challenged with ETEC. A
strong trend to decrease activity of LAP suggests that at the higher level of SAA,
there is less need for leucine as LAP cleaves leucine from peptides. There is a very
weak trend for AMC to increase activity of DPP-IV. Lalle`s (2012) summarised
the effect of antibiotic treatment on the gut, of which increased DPP-IV activity
has been described. However, it is important to note that the trends found for
both LAP and DPP-IV could be due to sampling error as the SEM is quite large
relative to the averages.
5.3.6.5 Summary
These data suggest that the model of infection using E. coli was not successful
in eliciting clinical expression of PWD or in inducing an inflammatory response.
Therefore the immune and inflammatory stress in these animals would be minimal
and the requirements for SAA would not be increased (as driven by immune and
(or) inflammatory response). Under such conditions, these data indicate that a
diet containing 0.70 SID SAA:Lys had excess SAA and would be detrimental to
production performance.
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6.1.1 Abstract
This experiment tested the hypothesis that pigs challenged with an enterotoxi-
genic strain of E. coli (ETEC) have higher sulfur amino acids (SAA) to Lys ratio.
Pigs (n=120) weighing 7.4 ± 0.52 kg (mean ± SD) and weaned at 27 d (Pietrain
genotype, mixed sex) were stratified into 1 of 6 treatments based on weaning
weight (n=20). Five diets were formulated with increasing ratios of standard-
ized ileal digestible (SID) sulfur amino acid (SAA) to Lys. Pigs were housed in
pens of 4 during an adaptation period of 6 d after which time pigs were housed
individually. Pigs fed different SID SAA:Lys levels were infected with ETEC (5
mL, 1.13 x 108 cfu/mL, serotype O149:K91:K88) on d 8, 9, and 10 after weaning.
The sixth diet, which contained 0.55 SID SAA:Lys and was indicative of current
recommendations, was allocated to 2 groups of pigs without and with ETEC in-
fection, and was considered as the infected or non-infected control group. Pigs
were fed Phase 1 diets (10.2 MJ NE, 1.2% SID Lys) ad libitum until d 15 after
weaning. Phase 2 diets (10.2 MJ NE, 1.1% SID Lys) were fed ad libitum for
the following three weeks. Diets did not contain any antimicrobial compounds.
Corrected SID SAA:Lys were found to be 0.47, 0.55, 0.61, 0.69 and 0.77 for Phase
1 diets and 0.47, 0.55, 0.63, 0.71 and 0.78 for Phase 2 diets. Following infection,
edema disease was diagnosed in all groups including the non-infection control
group, therefore data from non-infected pigs were combined with pigs infected
and fed 0.55 SAA:Lys for analysis of production and plasma data. There were no
dietary effects of SID SAA:Lys on days with diarrhea or shedding of F4 ETEC (P
> 0.05). Overall average daily gain (ADG) was optimized at 0.71 (SE = 0.073)
SID SAA:Lys, while SID SAA:Lys of 0.73 (SE = 0.065) optimized feed intake,
while overall G:F was optimized at 0.68 (SE = 0.090) SID SAA:Lys which are
all above the recommended level of 0.55. Therefore for pigs infected with ETEC
and not provided with in-feed antibiotics or zinc oxide, and under conditions of
the current study, SID SAA:Lys of 0.70 was suggested for optimum ADG and
G:F in the first five weeks after weaning.
Keywords: E. coli, pig, performance, sulfur amino acid
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6.1.2 Introduction
Post-weaning diarrhea (PWD), which is characterized by watery faces within the
first two weeks after weaning, is a multifactorial disease commonly associated with
proliferation of certain strains of enterotoxigenic Escherichia coli (ETEC) that
attach to epithelial receptors in the small intestine (Pluske et al., 1997; Hopwood
and Hampson, 2003; Fairbrother et al., 2005). Weaning is also associated with
activation of inflammatory cascades (Lalle`s et al., 2007) that are likely to increase
requirements for specific essential amino acids (Melchior et al., 2004; Heo et al.,
2013) such as Met and Cys (sulfur amino acids (SAA)), which are needed for
immune function and growth (Grimble, 2006). The conversion rate of Met to Cys
(which is irreversible) increases during immune system stimulation to meet the
Cys needs for the immune system and thus increases the dietary Met requirements
to satisfy the needs of protein synthesis (Rakhshandeh et al., 2014). A study
by Kim et al. (2011b), for example, demonstrated that infection with E. coli-
derived lipopolysaccharide (LPS) increased the SAA:Lys requirement of finisher
pigs from 0.58 to 0.75, to optimize feed efficiency and body protein deposition.
For pigs between 7-11 and 11-25 kg body weight, the recommended SAA:Lys is
0.56 and 0.55, respectively (National Research Council, 2012).
In this regard, the hypothesis examined in this experiment was that,
relative to Lys, the needs for SAA are increased under conditions of a pathogenic
ETEC challenge after weaning, and that the negative effects of inflammation on
pig productivity can be abridged when the dietary SAA:Lys is increased.
6.1.3 Materials and Methods
The experimental protocol was reviewed and approved by the Animal Experi-
ments Committee Utrecht (DEC Utrecht, Approval number 2009.III.02.018).
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6.1.3.1 Screening for F4 receptors
At birth, tail samples from piglets farrowed at the Nutreco Swine Research Cen-
tre, The Netherlands, were collected to test the pigs’ susceptibility to the en-
terotoxigenic F4 E. coli (O149:K88) used in the infection model. The pigs were
screened for the presence of F4ab/ac receptor genes using labeled primers and
PCR as described by (Jensen et al., 2006). Pigs were then classified as ho-
mozygous resistant (RR), homozygous susceptible (SS) or heterozygous (RS) for
F4ab/ac. Animals selected for the trial were RR or RS genotypes for F4ab/ac
receptors.
6.1.3.2 Experimental diets, animal housing and management
A total of 120 pigs (Pietrain) weighing 7.4 ± 0.52 kg (mean ± SD)(1:1 male:
female) were selected at weaning (27 d of age) and stratified according to weight,
sex and genotype for F4 receptor (RR:RS=7:3) into 1 of 6 treatments. Five
treatment groups were infected with ETEC and fed varying dietary standardized
ileal digestible (SID) SAA:Lys, namely 0.47, 0.55, 0.61, 0.67 and 0.76. The sixth
group was not infected with ETEC and was provided a diet containing 0.55 SID
SAA:Lys, which is the current recommended by the National Research Council
(2012). Diets were fed in 2 phases with the first phase fed from d 0-15 and the
second from d 16-36 post-weaning.
Diet composition and calculated energy and nutrient contents of exper-
imental diets are presented in Tables 1 and 2. Analyzed energy, crude protein
and amino acid content are presented in Table 3 and 4. All diets were provided
in pellet form with a diameter of 2.2 mm. All diets were formulated to meet the
requirements for energy and all nutrients with the exception of Lys, which was
marginally limiting, which is a prerequisite for amino acid ratio dose-response
trials as described by Boisen (2003). Phase 1 diets were formulated to contain
10.25 MJ NE/kg, 209 g CP/kg, and a SID Lys content of 11.7 g/kg diet. Phase
2 diets were formulated to 10.25 MJ NE/kg, 199 g CP/kg and a SID Lys content
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of 10.71 g/kg diets. As Cys can be synthesized in the body from Met (Li et al.,
2007), only DL-Met was added to the diets to increase SAA:Lys . Samples of
feed ingredients were sent for amino acid analysis (Evonik, Hanau, Germany) and
diets were re-formulated based on the analyzed amino acid contents and values
for SID prior to diet manufacture (Sauvant et al., 2004).
It is known that newly weaned pigs have a low and variable feed intake
with piglets often not meeting their maintenance energy requirements until at
least d 7 after weaning (Pluske et al., 1997). Therefore an adaptation period was
used to ensure that pigs were eating the treatment diets (and thus varying levels
of SAA) before experimental infection with E. coli.
During the 6-day adaptation period, pigs were allocated to pens in
groups of four (5 group pens/treatment). Pigs were supplied with experimen-
tal Phase 1 diets ad libitum. Each group pen had slatted floors with 0.4 m2 per
pig. Each pen had 2 nipple bowl drinkers and an upright, single-space feeder.
Ambient temperature was maintained at 30.6 ± 0.15 ◦C.
At d 6, pigs were weighed and moved to individual pens where they
remained for the rest of the study. Pens had slatted floors with a space allowance
of 0.8 m2 per pig. Each pen had a nipple bowl drinker and an upright single space
feeder. Experimental diets and water were provided ad libitum. Feed wastage
was recorded daily. Feed residual and piglet weight was measured on d 0, 6,
15, 22, 29 and 36. Feed intake was based on feed disappearance. The ambient
temperature for the periods d 6-15, 16-22, 23-29 and 29-36 were 27.9 ◦C, 26.7 ◦C,
26.3 ◦C and 26.0 ◦C, respectively.
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Table 6.1: Composition of the Phase 1 experimental diets (as fed basis).
Calculated SID 1SAA:Lys
Ingredients, g/kg 0.45 0.55 0.62 0.70 0.78
Wheat/barley mix 600.4 599.1 598.1 597.1 596
Soybean meal 216 216 216 216 216
Hamlet protein 50 50 50 50 50
Lactose 40.9 40.9 40.9 40.9 40.9
Soya oil 32.9 33 33.1 33.2 33.3
Sugar 20 20 20 20 20
Mono-calcium phosphate 14.4 14.4 14.4 14.4 14.4
Piglet premix2 10 10 10 10 10
Salt (NaCl) 5.9 5.9 5.9 5.9 5.9
Calcium formate 3 3 3 3 3
Choline chloride 0.3 0.3 0.3 0.3 0.3
Limestone 0.1 0.1 0.1 0.1 0.1
Vitamin E absorbate 0.7 0.7 0.7 0.7 0.7
L-Lys-HCl 3.4 3.4 3.4 3.4 3.4
L-Thr 1.4 1.4 1.4 1.4 1.4
L-Trp 0.4 0.4 0.4 0.4 0.4
DL-Met 0 1.2 2.1 3 4
L-Val 0.1 0.1 0.1 0.1 0.1
SID AA content, g/kg1
Arg 12.2 12.2 12.2 12.2 12.2
His 4.3 4.3 4.3 4.3 4.3
Ile 7.6 7.6 7.6 7.6 7.6
Leu 13.1 13.1 13 13 13
Lys 12 12 12 12 12
Met 2.5 3.7 4.5 5.4 6.4
Met + Cys 5.4 6.6 7.5 8.4 9.4
Phe 8.5 8.5 8.5 8.5 8.5
Thr 7.7 7.7 7.7 7.7 7.7
Trp 2.6 2.6 2.6 2.6 2.6
Val 8.4 8.4 8.4 8.4 8.4
SAA:Lys 0.45 0.55 0.62 0.7 0.78
NE, MJ/kg 10.25 10.25 10.25 10.25 10.25
CP, g/kg 205 205.6 206 206.5 207
Total Ca, g/kg 6 6 6 6 6
Total P, g/kg 7 7 7 7 7
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1SID AA = standardized ileal digestible amino acid, calculated from analyzed
AA content in feed ingredients and book values (Sauvant et al., 2004) for SID.
2Provided the following nutrients (per kg of air-dry diet): Vitamins: A 15000
IU, C 36 mg D3 2000 IU, E 100 IU, K 2mg, thiamine 2 mg, riboflavin 6 mg,
pyridoxine 2 mg, cyanocobalamin 30 µg, calcium pantothenate 13.8 mg, calcium-
D-pantothenate 15 mg, nicotinic acid 32 mg, betaine hydrochloride 150mg, folic
acid 1 mg, biotin 100 µg. Minerals: copper 150 mg(as cupric sulphate), iodine
1.5 mg (as potassium iodine), iron 160 mg (as ferrous sulphate), Mn 50 mg (as
manganous oxide), Se 0.42 mg (as sodium selenite), Zn 105 mg (as zinc oxide),
butylated hydroxytoluene 104 mg, propyl gallate 1.67 mg, 6-phytase 600 FTU
(Trouw Nutrition Internation VW BigConc 2)
Abbreviations: SAA:Lys = sulfur amino acid to lysine ratio.
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Table 6.2: Composition of the Phase 2 experimental diets (as fed basis).
Calculated SID 1SAA:Lys
Ingredients, g/kg 0.45 0.55 0.62 0.70 0.78
Wheat/barley mix 678.8 678.0 677.3 676.5 675.7
Soybean meal 195.0 195.0 195.0 195.0 19.5
Hamlet protein 30.0 30.0 30.0 30.0 30.0
Soya oil 35.2 35.2 35.2 35.2 35.2
Sugar 20.0 20.0 20.0 20.0 20.0
Mono-calcium phosphate 13.7 13.7 13.7 13.8 13.8
Piglet premix2 10.0 10.0 10.0 10.0 10.0
Limestone 4.7 4.6 4.5 4.3 4.2
Salt (NaCl) 4.4 4.4 4.4 4.4 4.4
Sodium bicarbonate 2.0 2.0 2.0 2.0 2.0
Choline chloride 0.3 0.3 0.3 0.3 0.3
Vitamin E absorbate 0.7 0.7 0.7 0.7 0.7
L-Lys-HCl 3.5 3.5 3.5 3.5 3.5
L-Thr 1.3 1.3 1.3 1.3 1.3
L-Trp 0.3 0.3 0.3 0.3 0.3
DL-Met 0.0 0.9 1.7 2.6 3.5
SID AA content, g/kg1
Arg 11.0 11.0 11.0 11.0 11.0
His 4.0 4.0 4.0 4.0 4.0
Ile 6.9 6.9 6.9 6.9 6.9
Leu 12.0 12.0 12.0 12.0 12.0
Lys 11.0 11.0 11.0 11.0 11.0
Met 2.3 3.2 4.0 4.9 5.8
Met + Cys 5.1 6.0 6.8 7.7 8.6
Phe 8.2 8.2 8.2 8.2 8.2
Thr 7.0 7.0 7.0 7.0 7.0
Trp 2.4 2.4 2.4 2.4 2.4
Val 7.7 7.7 7.7 7.7 7.7
SAA:Lys 0.47 0.55 0.62 0.70 0.78
NE, MJ/kg 10.25 10.25 10.25 10.25 10.25
CP, g/kg 192 193 193 194 194
Total Ca, g/kg 6.7 6.6 6.6 6.6 6.5
Total P, g/kg 6.8 6.8 6.8 6.8 6.8
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1SID AA = standardized ileal digestible amino acid, calculated from analyzed
AA content in feed ingredients and book values (Sauvant et al., 2004) for SID.
2Provided the following nutrients (per kg of air-dry diet): Vitamins: A 15000
IU, C 36 mg D3 2000 IU, E 100 IU, K 2mg, thiamine 2 mg, riboflavin 6 mg,
pyridoxine 2 mg, cyanocobalamin 30 µg, calcium pantothenate 13.8 mg, calcium-
D-pantothenate 15 mg, nicotinic acid 32 mg, betaine hydrochloride 150mg, folic
acid 1 mg, biotin 100 µg. Minerals: copper 150 mg(as cupric sulphate), iodine
1.5 mg (as potassium iodine), iron 160 mg (as ferrous sulphate), Mn 50 mg (as
manganous oxide), Se 0.42 mg (as sodium selenite), Zn 105 mg (as zinc oxide),
butylated hydroxytoluene 104 mg, propyl gallate 1.67 mg, 6-phytase 600 FTU
(Trouw Nutrition Internation VW BigConc 2)
Abbreviations: SAA:Lys = sulfur amino acid to lysine ratio.
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6.1.3.3 Diet analysis
Diet samples were analyzed using a ballistic bomb calorimeter to determine GE
content (Invivo Labs, Binh Duong City, Vietnam). Diets were also analyzed
for CP and AA content by Evonik (Hanau, Germany) as described by Htoo et
al. (2007). The dietary SID SAA: Lys ratios were then corrected based on
the analyzed dietary AA contents using the following formula; Corrected SID
SAA:Lys = (calculated SID SAA:Lys x analyzed total SAA:Lys) / calculated
total SAA:Lys.
6.1.3.4 Experimental infection with E.coli
A 900 µL aliquot of 15% glycerol ETEC (serotype O149:K91:F4ac) stock solution
was used to inoculate 50 mL of sterile brain heart infusion medium. Cultures were
then incubated at 37 ◦C on an orbital shaker for 2 hours and 40 minutes so as to
enter the mid-log phase of growth. This culture was then diluted 1:10 with a 2.5%
sucrose solution before being transported on ice to the piggery. Experimental
infection with ETEC was conducted at d 8, 9 and 10 after weaning via daily oral
dosing using a syringe. Each infected pig received 5 mL/d of freshly prepared
broth to provide 1.13 x 108 cfu/mL of E. coli per pig.
6.1.3.5 Fecal scoring and fecal swabs
A visual assessment of faces was conducted daily. Fecal consistency was assessed
on a four-point scale with scores 0 (solid), 1 (soft), 2 (sloppy), and 3 (liquid).
Diarrhea was defined as pigs having a score of 3. Incidence of PWD was the
number of days with a score of 3 over the time period. Fecal swabs were taken
on d 8, 10, 12, 15, 17 and 20 by inserting a sterile cotton bud into the anus.
Swabs were streaked out onto sheep blood agar plates and incubated overnight
to ascertain the amount of fecal shedding of F4 E. coli as described by Heo et al
(2009). The presence of β-hemolytic E. coli was then scored using a subjective
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score on a six-point scale ranging from 0 to 5, where: 0 = no growth, 1 = hemolytic
E. coli in 1st section, 2 = hemolytic E. coli in 2nd section, 3 = hemolytic E. coli
in 3rd section, 4 = hemolytic E. coli in 4th section, 5 = hemolytic E. coli in 5th
section, present right out to the 5th section of the plate.
Pure colonies of E. coli isolated from fecal swabs confirmed edema dis-
ease from the presence of F18 E. coli. Hemolytic F18 E. coli was morphologi-
cally undistinguishable from the F4 E. coli. Therefore to screen for F4 E. coli
in the hemolytic colonies a PCR technique was used. Within each section of
the plate, colonies were pooled and suspended in lysis buffer. Samples were in-
cubated for ten minutes at 99◦C to lyse the cells. After incubation, samples
were centrifuged for two minutes at 12,000 g at 4◦C. Detection for F4 E. coli
was performed using a CFX96 Real-time system, C1000 Thermal cycler (BioRad
Laboratories Inc., Hercules, USA) with a primer specific for F4 E. coli (Forward
primer: GGTTCAGTGAAAGTCAATGCATCT, reverse primer: CCCCGTC-
CGCAGAAGTAAC, probe: Cy5 CCACCTCTCCCAACACACCGGCAT-BHQ-
2) and SYBR green dye (BioRad IQ Super Mix #170-8860; West et al. (2007)).
Samples were cycled 40 times (15 seconds at 95 ◦C and 30 seconds at 60 ◦C).
Results were then assessed as either presence or absence of F4 E. coli for that
section of the plate. This was referred to as the F4 swab score.
6.1.3.6 Blood sampling
Blood samples from each pig were taken on d 8, before ETEC infection, as well as
d 10 and 20, after the start of ETEC infection. Samples were collected from the
jugular vein into lithium heparin tubes. Blood was processed by centrifugation
at 2,000 g at 4 ◦C for 10 minutes to separate plasma from erythrocytes. Plasma
samples were then aliquoted and stored at -20 ◦C until analyzed.
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6.1.3.7 Plasma analysis
Plasma urea (PU) on d 8, 10 and 20 were determined using an Olympus AU400
(Tokyo, Japan) analyzer (Olympus Reagent Kit OSR6134; Beckman Coulter Ire-
land Inc., Co. Clare. Ireland). An Olympus AU400 analyzer was also used
to determine the plasma levels of haptoglobin (Makimura and Suzuki, 1982) at
d 8, 10 and 20 after weaning. Plasma albumin was measured using a Randox
Daytona analyzer (Crumin, UK) and a commercial kit (Cat #AB3800, Randox,
Crumin, UK). Levels of tumor necrosis factor alpha (TNF-α) were measured us-
ing a commercial ELISA kit (Cat # DY690-B, R & D Systems, Minneapolis,
USA).
Amino acids from plasma samples from d 10 were analyzed (Animal
Health Laboratories, DAFWA, Perth, Western Australia) using HPLC on a
reverse-phase C-18 column (Laich et al., 2002). Cysteine is unstable and readily
oxidizes to cystine (Meister, 1988). The method used to determine AA in plasma
used hydrolyzation to stop this from occurring, however the effect is not always
immediate and thus, initial reading of Cys cannot be determined. Therefore,
results presented are a total of Cys and cystine.
6.1.3.8 Statistical analyses
Fecal F4 E. coli score and days with PWD data were analyzed using the GLM
function in SPSS (Version 20, SPSS Institute Chicago, Illinois, USA) with pig as
the individual unit and treatment as the independent variable. Data was further
analyzed using the repeated-measures function in GLM to determine if there was
an effect of time. Mortality of pigs for the overall time period was analyzed using
Pearson’s Chi squared test in SPSS. As fecal F4 E. coli score, days with PWD and
mortality of piglets did not differ between pigs infected or not infected with ETEC
and fed 0.55 SID SAA:Lys, these groups were combined for all further analyses.
Production data for the first 6 d were analyzed with pens as the experimental
unit for ADG, ADFI and G:F using the ANOVA function, to ensure no effect of
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treatment occurred within the first 6 d of weaning. Production data after d 7
and plasma data were then analyzed using the ANOVA function for linear and
quadratic effects with pig as the individual unit and dietary SID SAA:Lys as the
independent variable. Overall treatment means for ADG, ADFI and G:F were
fitted to quadratic plateau broken line analysis using a Nutrition Response Model
Program (version 1.1, Vedenov and Pesti, Georgia University, USA). Further
analysis of PU, haptoglobin, albumin and TNF-α were conducted using repeated
measures ANOVA to examine sampling time by treatment interactions.
All means are reported as least square means. Statistical significance
was accepted at P < 0.05 and 0.05 < P < 0.10 was considered a trend.
6.1.4 Results
6.1.4.1 Diet analysis
The analyzed GE and CP contents were similar between diets and close to ex-
pected values (Tables 3 and 4). The final SID SAA:Lys (corrected after diet
analysis) for Phase 1 diets were 0.46, 0.55, 0.61, 0.69 and 0.77 (Table 3). The
final SID SAA:Lys (corrected after analysis) for Phase 2 diets were 0.47, 0.55,
0.63, 0.71, 0.78 (Table 4). All data presented will refer to the corrected SID
SAA:Lys of Phase 2 diets as SID SAA:Lys hereafter.
6.1.4.2 Evaluation of infecton with E. coli
Pigs displayed clinical signs of edema disease such as neurological symptoms and
overt diarrhea within one day of infection with ETEC. Edema disease diagnosis
was confirmed and affected all treatment groups include the non-infection control
with total mortality ranging from 15-40% and was not different between treat-
ments (P = 0.324; data not shown). Data for pigs that died were completely
removed from the dataset.
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The fecal swab score for F4 E. coli showed a significant time effect with
scores on d 8 and 17 having the lowest values and d 13 having the highest value
(P < 0.001). No effect of treatment on fecal swab scores for F4 E. coli was found
at any time point (P > 0.05; Table 5).
There was an effect of time on days with PWD, with more diarrhea
occurring during d 7-15 than any other time period (P = 0.011). The number of
days with PWD was not different between treatment groups for any time period
(P > 0.05; Table 5).
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Table 6.3: Analysed chemical compositionof Phase 1 Diets
Calculated SID1SAA:Lys
Analyzed chemical composition, g/kg 0.45 0.55 0.62 0.70 0.78
GE, MJ/kg 17.04 17.12 17.04 17.08 17.12
CP, g/kg 209 210 211 211 210
Arg 12.9 13.2 13.1 13.3 13.1
His 4.8 4.9 4.9 4.9 4.9
Ile 8.4 8.8 8.6 8.8 8.7
Leu 14.9 15.0 15.0 15.1 15.0
Lys 12.6 13.0 12.9 13.1 13.0
Met 2.9 4.0 4.6 5.7 6.6
Met + Cys (SAA) 6.0 7.2 7.9 9.0 9.8
Phe 10.2 10.4 10.4 10.5 10.4
Thr 8.6 8.9 8.8 8.8 8.8
Trp 2.9 2.9 2.9 2.9 3.0
Val 9.3 9.6 9.6 9.7 9.5
Corrected SID SAA:Lys1 0.46 0.55 0.61 0.69 0.77
1 SID = standardized ileal digestible
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Table 6.4: Analysed chemical compositionof Phase 2 Diets
Calculated SID1SAA:Lys
Analyzed chemical composition, g/kg 0.45 0.55 0.62 0.70 0.78
GE, MJ/kg 17.12 17.04 17.21 17.16 17.08
CP, g/kg 193 193 193 196 180
Arg 11.8 11.6 11.8 11.8 11.7
His 4.5 4.4 4.4 4.5 4.4
Ile 7.8 7.6 7.8 7.7 7.6
Leu 13.7 13.4 13.6 13.6 13.5
Lys 11.8 11.7 11.7 11.7 11.7
Met 2.7 3.5 4.3 5.2 6.0
Met + Cys (SAA) 5.8 6.5 7.3 8.2 9.0
Phe 9.5 9.3 9.4 9.4 9.3
Thr 8.0 7.9 7.9 8.0 7.8
Trp 2.7 2.7 2.7 2.7 2.7
Val 8.7 8.6 8.6 8.6 8.5
Corrected SID SAA:Lys11 0.47 0.55 0.63 0.71 0.78
1 SID = standardized ileal digestible
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6.1.4.3 Production traits
Due to F4 and F18 E. coli being present and affecting the control as well as
the experimentally-infected pigs, data for pigs fed 0.55 SAA:Lys regardless of
experimental infection were combined; data did not differ (P > 0.10) between
these two treatment groups. No differences between treatments were observed
for any production traits during the adaptation period (d 0 – 6) after weaning
(P > 0.05; data not shown).
On d 6 and 15 there were no linear or quadratic effects of increasing SID
SAA:Lys on body weight (BW; P > 0.05). On d 22, d 29 and d 36 after weaning
there were positive linear effects between BW and SID SAA:Lys (P = 0.035, P
= 0.032 and P = 0.020, respectively; Table 6).
Increasing the SID SAA:Lys showed positive linear and quadratic effects
for ADG during d 7-15 (P = 0.039 and 0.009, respectively). The ADG showed
a positive linear effect between d 16 – 22 in response to increasing SID SAA:Lys
(P = 0.030). No linear or quadratic effects were found for ADG between d 23
– 29 (P > 0.05). The ADG between d 30-36 showed a positive linear effect (P
= 0.011), whilst ADG for the overall time period showed positive linear effects
and a trend for a quadratic response to SID SAA:Lys (P = 0.007 and 0.099,
respectively; Table 6).
A positive quadratic effect for ADFI between d 7 – 15 (P = 0.030) in
response to increasing SID SAA:Lys was observed. The ADFI showed a positive
linear trend in response to increasing SID SAA:Lys between d 16 – 22 (P = 0.086),
but there were no linear or quadratic effects of ADFI in response to increasing
SID SAA:Lys between d 23 – 29 (P > 0.05). Feed intake showed a positive linear
effect between d 30 – 36 in response to SID SAA:Lys (P = 0.011), and overall
from d 6-36, ADFI showed positive linear effects in response to increasing SID
SAA:Lys (P = 0.034; Table 6).
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Figure 6.1: The quadratic plateau broken-line model; Eq.: y = 414 -
1,768.5 (0.71 – x)2; breakpoint (BP) = 0.71(SE = 0.0.073, R2 = 0.94). If
SID SAA:Lys is > BP, then x = 0; if SID SAA:Lys is < BP, then x =
SID SAA:Lys.
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Figure 6.2: The quadratic broken-line model; Eq.: y = 548 - 1,174 (0.73
– x)2 ; breakpoint (BP) = 0.63 (SE = 0.065, R2 = 0.97). If SID SAA:Lys
is > BP, then x = 0; if SID SAA:Lys is < BP, then x = SID SAA:Lys).
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Figure 6.3: The quadratic broken-line model; Eq.: y = 0.75 – 2.41 (0.68
– x)2 ; breakpoint (BP) = 0.68 (SE = 0.090, R2 = 0.90). If SID SAA:Lys
is > BP, then x = 0; if SID SAA:Lys is < BP, then x = SID SAA:Lys).
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Feed efficiency (as G:F) during d 7-15 showed positive linear and quadratic
effects in response to increasing dietary SID SAA:Lys (P < 0.016 and 0.009, re-
spectively). A weak positive linear trend was found for G:F between d 16 – 22
in response to increasing SID SAA:Lys (P = 0.094). A positive quadratic trend
was found for G:F between d 23 – 29 in response to increasing SID SAA:Lys (P
= 0.064). No linear or quadratic effects were found for G:F in response to SID
SAA:Lys for d 30 -36 (P > 0.05). For the overall time period (d 6 -36) both
linear and quadratic positive effects were found for G:F in response to increasing
SID SAA:Lys (P = 0.002 and 0.025 respectively; Table 6).
The dietary SID SAA:Lys to maximize the ADG of 8- to 20-kg pigs was
estimated to be 0.71 (SE = 0.073, R2 = 0.94) based on the quadratic broken-line
model (Fig. 1). To maximize ADFI and G:F, the optimal SID SAA:Lys was
estimated to be 0.73 (SE = 0.065, R2 = 0.97) and 0.68 (SE = 0.090, R2 = 0.90)
by the quadratic broken-line regression, respectively (Fig. 2 and 3).
6.1.4.4 Plasma haptoglobin, albumin and TNF-α
There were no linear or quadratic effects of SID SAA:Lys on plasma haptoglobin
at any time point sampled (P > 0.05). No time effects for plasma haptoglobin
were found (P > 0.05). A negative linear trend was found of increasing SID
SAA:Lys on plasma albumin on d 10 after weaning (P = 0.061). Plasma albumin
was highest on d 8 and lowest on d 20 (P < 0.001). No linear or quadratic effects
were found between SID SAA:Lys and plasma albumin for any other time point
sampled (P > 0.05).
No significant effect of time was found for TNF-α (P > 0.05) therefore
plasma levels of each SID SAA:Lys between sampling days are presented. There
was no linear or quadratic effects of SID SAA:Lys on levels of TNF-α (P > 0.05;
Table 7).
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6.1.4.5 Plasma urea and amino acids
Plasma urea levels on d 8, 10 and 20 showed an interaction effect between time
and SID SAA:Lys (P = 0.029). Plasma urea levels also showed negative linear
(P = 0.027) and quadratic (P = 0.007) effects of increasing SID SAA:Lys on d
8 after weaning. On d 10 there was a negative linear trend between increasing
SID SAA:Lys and plasma urea (P = 0.063). No linear or quadratic effects were
found on d 20 between SID SAA:Lys and plasma urea (Fig. 4).
Increasing the dietary SID SAA:Lys had positive linear effects on plasma
levels of Met (P < 0.001), Phe (P = 0.003), Asp (P = 0.022), Glu (P = 0.011),
Tau (P < 0.001), cysteine plus cystine (P < 0.001) and Pro (P = 0.035) on d
10 after weaning. A linear trend for increasing dietary SID SAA:Lys to increase
plasma levels of Arg (P = 0.077) and Trp (P = 0.091) was also found. Increasing
dietary SID SAA:Lys had negative linear effects on plasma levels of Lys (P <
0.001), Thr (P < 0.001), Val (P = 0.021) and Ser (P < 0.001). A linear trend
effect of increasing dietary SID SAA:Lys was found for plasma levels of Gly (P =
0.007). Positive quadratic effects of dietary SID SAA:Lys were found for plasma
levels of Arg (P = 0.035), Ile (P = 0.016), Tau (P < 0.001) and cysteine plus
cystine (P < 0.001). Negative quadratic effects of dietary SID SAA:Lys were
found for plasma levels of Lys (P = 0.001), Thr (P = 0.001) and Ser (P =
0.020). Positive quadratic trends were found for increasing SID SAA:Lys for
glutamic acid (P = 0.057) and Gln (P = 0.076; Table 8).
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Figure 6.4: Plasma urea levels on d 8, 10 and 20 after weaning of pigs fed
varying ratios of SID SAA:Lys. An interaction effect of time and SAA
level was found (P = 0.029), different letters next to data points denote
statistical difference.
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6.1.5 Discussion
The general hypothesis tested in the present study was that weaner pigs infected
with ETEC and presumed to be under inflammatory stress would require greater
levels of dietary SAA:Lys for modulation of inflammation responses as well as
maintaining production performance than the level recommended by the Na-
tional Research Council (2012) of 0.55 for pigs of this weight range. It has been
documented previously that inflammatory stress can increase the requirement
for SAA in growing pigs (Li et al., 2007; Rakhshandeh et al., 2007; Kim et al.,
2011b; Kim et al., 2012b). The present study confirmed the hypothesis and found
that increasing dietary SID SAA:Lys to the level that are greater than currently
recommended by National Research Council (2012) improved ADG, ADFI and
G:F.
In accordance with previous statistical analysis of nutritional response
modeling (Pomar et al., 2003; Pesti et al., 2009), these data from the present
study were fitted to a quadratic plateau broken line to obtain optima of 0.71, 73
and 0.68 SID SAA:Lys with daily gain, feed intake and feed efficiency as response
criteria respectively, which are above the recommended level of SID SAA:Lys
0.55 (National Research Council, 2012). The findings of the present study are
similar, albeit with much younger pigs, to those of Yi et al. (2006), who found
an optimum SAA:Lys of 0.64 for the ADG of pigs between 28–49 kg, and Gaines
et al. (2005) who found an optimum of 0.60 for ADG in pigs between 29–45kg.
In the present study pigs were likely to have high levels of inflammatory stress
as a result of experimental infection in addition to pre-existing edema disease,
which may explain the differences in optimum ratios between the present study
and other studies (Gaines et al., 2005; Owen et al., 2005; Peak, 2005; Yi et al.,
2006).
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6.1.5.1 Infection with E. coli and assessment of inflammation and
immune stress
Escherichia coli (F18) causing edema disease is known to colonize the small
intestine, producing a toxin that causes vascular lesions in the intestine leading
to diarrhea (Imberechts et al., 1992). Pigs within the current study, regardless of
treatment group, displayed symptoms of edema disease, and this was confirmed
by a strain of F18 E. coli that was isolated from these pigs. The outbreak of edema
disease was unexpected and not the focus of this work, however the edema disease
would have contributed to the total immune challenge on the animals. Unlike F4
fimbriae, no genetic screening for F18 fimbriae was conducted in these pigs, thus
receptors for F18 may not have been evenly distributed between treatments and
may have, in part, caused the varying level of mortality between groups.
The control animals showed the same amount of F4 E. coli shedding and
number of days with PWD both prior to (d 8) and after experimental infection
with F4 E. coli as the animals in the infection groups. Therefore the control
animals should not be considered a true control group as they were probably
suffering from a similar load of F4 E. coli. This is likely due to experimental
infection occurring on d 8 after weaning whereas in commercial conditions, and
most likely in the present study, shedding of E. coli and clinical signs of PWD
occur within the first week after weaning (Fairbrother et al., 2005). Mortality
rates of pigs fed 0.55 SAA:Lys were the same between pigs infected with F4 E.
coli and those not infected with F4 E. coli, suggesting that pigs were equally
affected by disease. Compared to Heo et al. (2009), who used a similar infection
model with F4 E. coli, fecal swab plate scores had similar values as the present
trial. Observations of piglets and mortality data also indicated all animals were
exposed to edema disease causing F18 E. coli.
Markers of inflammation and immune stress were measured to ascertain
if the higher levels of SAA in the diet modulated the inflammatory response in re-
sponse to infection with ETEC. Acute phase proteins (APP) are commonly used
as indicators of herd health as they sharply respond to inflammation and immune
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stimulation (Eckersall et al., 1996). There are two types of APP: positive APP
(e.g. haptoglobin), which increase under conditions of inflammation, and nega-
tive APP (e.g. albumin) that decrease under such conditions (Eckersall and Bell,
2010). Methionine and Cys make up 40 g/kg of protein for haptoglobin (a posi-
tive APP) and only 35 g/kg protein for muscle (Dahl, 1962; Peters, 1985; Reeds
et al., 1994), thus an inflammatory response would require much more SAA than
protein deposition alone. Haptoglobin levels in the present study were higher
than the upper threshold for inflammation (induced by 0.3 mL turpentine/kg
BW injection) as described by Heegaard et al. (2011). Levels of haptoglobin in
the present study were also higher than levels reported by Kim et al. (2011a) in
weaner pigs also infected with ETEC, further supporting the notion that pigs in
the present study were suffering from a marked inflammatory challenge. How-
ever this was not attenuated by increasing SID SAA:Lys. The effect of time on
haptoglobin level was expected as Pomorska-Mo´l et al. (2012) showed a trend for
increased haptoglobin levels in pigs from 4 to 6 weeks of age.
Due to the high cysteine content in albumin (Reeds and Jahoor, 2001),
it was expected that higher dietary levels of SAA would maintain albumin levels
during an inflammatory challenge. However, the present study found a decreasing
trend of plasma albumin with increasing SID SAA:Lys immediately after infec-
tion. These findings are in contradiction with work by Litvak et al. (2013) who
found that higher Met:SAA increased plasma albumin. The albumin catabolism
produces amino acids and it is now thought the decrease albumin in animals
suffering from infection is due to increased breakdown rather than decreased syn-
thesis (Reeds and Jahoor, 2001). Baynes and Thorpe (1981) used labeled serum
albumin in rats to determine the major catabolic sites and found the 40-60% of
the albumin dose was catabolized in muscle and skin. The present study found an
increase in daily gain with increasing SID SAA:Lys, which would also increase the
muscle and thus the catabolism of albumin which may explain this unexpected
finding. Plasma albumin was also decreased over time. Literature on negative
APP plasma albumin is contrasting where some authors (Heegaard et al., 2011;
Rakhshandeh and de Lange, 2012) showed no response of immune stimulation
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(using an LPS injection) on plasma albumin, however, Litvak et al. (2013) found
that immune stimulation caused by LPS injection decreased plasma albumin.
Rothschild et al. (1979) found that in cases of myxedema there was evidence
of tissue trapping of albumin. Thus, the decrease found in the present study
in plasma albumin over time could be a result of increased tissue retention of
albumin caused by edema, increased catabolism caused by infection, or increased
muscle mass also facilitating albumin catabolism.
The pro-inflammatory cytokine, TNF-α did not show a response to in-
creased SID SAA:Lys in the diet, further supporting the notion that SID SAA:Lys
was not modulating the inflammatory/immune response in the present study.
6.1.5.2 Plasma urea and amino acids
Excess amino acids cannot be stored and are degraded with the production of
urea, hence PU levels are often used as an indicator of protein utilization effi-
ciency and have been used to determine protein requirements (Chen et al., 1995;
Heo et al., 2009). Conversely, lower PU levels can indicate that either nitrogen
utilization efficiency is increased or muscle protein catabolism is decreased, which
can be a result of anabolic factors such as growth hormone or protein synthesis or
catabolic factors such as an immune response (Shen et al., 2012). The interaction
effect on PU found between sampling day and SID SAA:Lys indicates that stage
of infection (pre-infection, during infection and after infection) alters the urea
content in the plasma of weaner pigs.
It was unsurprising to find that plasma levels of Met, Cys-Cystine
and Tau increased with increasing levels of dietary SAA:Lys as they are sulfur-
containing amino acids. In the present study, increasing dietary SID SAA:Lys
also decreased plasma Ser. As Ser is essential for the conversion of homocysteine
to Cys (Kim et al., 2012), it suggests that significant amounts of Met were con-
verted to Cys to support whole body antioxidant capacity. These patterns of
plasma amino acids in response to immune/inflammatory stress are in congru-
ency with Kim et al. (2012a), who also reported similar patterns in Met, Tau
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and Ser in grower pigs given LPS to induce immune stimulation. Taurine is me-
tabolized from Cys and represents an irreversible loss of Cys (Rakhshandeh and
de Lange, 2011). Work by Malmezat et al. (1998) in rats using labeled 35S found
a 54% increase of 35S in Tau but only a 30% increase in 35S in SO4, indicating
irreversible loss of Cys induced by immune system stimulation. In a review article
by Rakhshandeh and de Lange (2011), the authors hypothesized that additional
supply of Met would improve whole body protein homeostasis and the immune
response. The increased level of plasma Tau in response to increasing levels of
SAA:Lys in the diet in combination with improvements in ADG and FCR found
in the present study are in agreement with this hypothesis.
Lysine levels in plasma decreased with increasing SAA:Lys. Lysine has
high concentrations in haptoglobin and muscle (92 g Lys/g haptoglobin and 92 g
Lys/g muscle; Dahl 1962; Reeds et al., 1994), and thus is expected to decrease as
SAA:Lys in the diet increases. This is because once SAA are not limiting more
Lys will be utilized for production of APP or protein deposition.
In conclusion, edema disease and F4 E. coli affected all treatments
equally as measured by mortality, fecal swab scores and days with PWD and,
in addition to the lack of antimicrobials in the diet, may have increased the
requirement for SAA above recommended levels. Under the conditions of this
experiment, quadratic broken-line analysis determined that feeding a diet with
average SID SAA:Lys of 0.70 maximized ADG, and F:G of 8- to 20-kg pigs. These
levels are above those currently recommended by the National Research Coun-
cil (2012) for pigs of this BW, hence pigs subject to an ETEC challenge in the
post-weaning period where diets are devoid of antimicrobials may require higher
levels of SID SAA:Lys than currently recommended.
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7.1.1 Summary Text
The post-weaning period is a stressful time for piglets housed under commercial con-
ditions and often results in production losses. These stressors may increase the re-
quirement for sulphur amino acids (SAA) above the recommended level. The present
experiment showed that feeding the currently recommended level of SAA was not suf-
ficient to maximise growth in the first week after weaning.
7.1.2 Abstract
This experiment was conducted to determine the optimum standardised ileal digestible
(SID) ratio of sulphur amino acid (SAA) to lysine (SAA:Lys) for pigs kept under
commercial conditions in the immediate post-weaning period to maximise growth and
feed conversion efficiency. Forty-two pens randomly allocated to one of seven treatments
with varied levels of SID SAA:Lys ratios (0.53, 0.57, 0.61, 0.68, 0.72, 0.76 and 0.80) and
blocked by weight (medium and heavy) as well as sex. A total of 2,430 weaned pigs were
allocated to one of 42 pens according to sex (male:female, 1:1) and a visual estimate of
weight (initial body weight (BW) 7.2 ± 1.20 kg (mean ± SD)) and sex. Diets were then
fed for three weeks after weaning. Blood samples were taken on d 11, with plasma C-
reactive protein (C-RP), haptoglobin, albumin and urea levels determined. Daily gain
in the first week after weaning showed a quadratic effect (P = 0.014) in response to
increasing dietary SID SAA:Lys. Further and using a quadratic polynomial regression
model, optimum average daily gain (ADG) in the first week after weaning occurred
at 0.66 (0.61 SID SAA:Lys for 95% of ADG) SID SAA:Lys. However ADG was not
affected by SID SAA:Lys for any other time period, nor for the overall three-week
period after weaning (P > 0.05). Feed conversion ratio (FCR) for the overall three-
week period after weaning showed linear effects in response to increased SID SAA:Lys
(P = 0.045), however FCR did not fit a quadratic broken-line model and hence an
optimum ratio could not be determined. Overall average daily feed intake (ADFI) for
the three-week period after weaning showed negative linear effects of increasing SID
SAA:Lys (P = 0.038). No linear or quadratic effects were found for plasma levels
of C-reactive protein, haptoglobin or urea (P > 0.05). Positive linear effects of SID
SAA:Lys were found for plasma albumin (P = 0.050). These data suggest that pigs
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in the first week after weaning may require more SAA than in subsequent weeks to
maximise ADG, coinciding with the acute phase of weaning.
Keywords: methionine, pig, sulphur amino acid requirement, weaner
7.1.3 Introduction
Methionine (Met) is considered an essential amino acid while cysteine (Cys) is con-
sidered semi-essential as it can be synthesised from Met (Grimble 2006). Methionine
and Cys, the sulphur amino acids (SAA), play a large role in moderating the im-
mune system as antioxidants, free radical scavengers, gene expression moderation and
other important functions (Li et al. 2007). For example, taurine (a metabolite of
Met) has antioxidant effects while non-amino acid glutathione (produced by Cys, glu-
tamine and glycine) is not only an antioxidant but also a free radical scavenger and
regulates cell signalling for the immune response (Li et al. 2007). Grimble (2006) com-
mented that an adequate supply of SAA reduced the inflammatory effect of oxidants
and tumour necropsy factor –α (TNF-α) while an undersupply of SAA would exert a
pro-inflammatory influence.
Rakhshandeh et al. (2014) reported that grower pigs have an increased
requirement for SAA when their immune system was stimulated by injection with
lipopolysaccharide (LPS). Furthermore work by Kim et al. (2012) compared grower-
finisher pigs fed varying ratios of SAA:Lysine (Lys) that were either not injected with
LPS (non-immune stimulated) or injected with LPS (immune stimulated), and found
that pigs not given LPS had maximum protein deposition at a standardised ileal di-
gestible (SID) SAA:Lys ratio of 0.54, below that of the current National Research
Council (NRC; 2012) recommendation of 0.56 SID SAA:Lys for pigs between 50-75
kg. Pigs that were given LPS (i.e., immune stimulated) did not reach a break point,
suggesting an optimum SAA:Lys ratio greater than 0.75 SID SAA:Lys.
Weaning piglets under commercial conditions is often characterised by sub-
optimal sanitary conditions and stressors resulting in variable and low feed intake,
poorer growth and feed conversion efficiency and a heightened level of stress, which
collectively cause a growth check in the post-weaning period (Pluske et al. 1997; Lalle`s
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et al. 2007; Pastorelli et al. 2012a). Commercial conditions of pig production af-
ter weaning can be accompanied with increased production of acute phase proteins
(APP) indicating low-grade immune system activation due to inflammation and stress
(Pomorska-Mo´l et al. 2012). The NRC (2012) recommends a SID ratio of SAA:Lys of
0.550 and 0.556 for pigs between 5-7 kg and 7-11 kg, respectively. However this value
may not reflect the additional requirement of pigs suffering from an inflammatory chal-
lenge, such as those under commercial weaning conditions.
In this experiment, we hypothesised that pigs would show an improvement in
production traits in response to increasing levels of SID SAA:Lys ratio in the diet. We
also hypothesised that pigs fed higher ratios of SID SAA:Lys would have lower markers
of inflammatory stress than pigs fed lower levels of SID SAA:Lys. The overall aim of
this experiment was to determine an optimum SID SAA:Lys for production indices of
commercially housed pigs in the post-weaning period.
7.1.4 Materials and Methods
The Murdoch University Animal Ethics Committee approved the experimental protocol
for this study (AEC No. R2607/13).
7.1.4.1 Experimental design, animal housng and husbandry
Pens were blocked and stratified to one of seven dietary treatments (see below; six pens
per treatment) according to BW (medium and heavy) and sex (pens of either males
or females). Five pens of 45 pigs and one pen of 90 pigs were allocated per treatment.
A total of 2,430 weaner pigs [body weight (BW) 7.2 ± 1.20 kg (mean ± SD)] were
sourced from a number of commercial breeding units from the same farming enterprise
in south-western Australia and allocated to pens based on visual estimates of BW and
sex.
Pigs were kept in pens of full mesh flooring in a tunnel-ventilated building,
with each pen providing a space allowance of 0.27 m2 per pig. Each pen was equipped
with one feeder (nursery wet/dry feeder) and two nipple bowl drinkers per 45 pigs. Pigs
had free access to water and feed throughout the trial period. Ambient temperature
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was set at 28◦C for the first week and then decreased by 2◦C in the following weeks.
All pigs were monitored daily for signs of illness or injury.
Pens were allocated to one of seven dietary treatments of varying titrations
of SID SAA:Lys. Diets were made by formulating two extreme diets (10.4 MJ/kg NE,
1.32 g/kg SID Lys) to SID SAA:Lys ratios of 0.50 and 0.80 using SID coefficients from
Sauvant et al. (2004) (Table 1). These diets were then distributed and blended in
appropriate ratios by an automated feed delivery system (Feedlogic, Feedlogic Corp,
Willmar, MN) to obtain seven calculated SID SAA:Lys ratios of 0.50, 0.55, 0.60, 0.65,
0.70, 0.75, 0.80. Experimental diets were fed for three weeks after weaning. Feed
dispensed into each pen was automatically recorded by the Feedlogic system and feed
residual was recorded weekly to estimate average daily feed intake (ADFI) based on
feed disappearance. Feed wastage was minimal. Pens were weighed weekly to obtain
measurements for average daily gain (ADG).
Pigs were assessed twice daily by farm staff for signs of ill health, injuries or
stress. Any animals assessed to be suffering from the above were removed from the
trial and treated for their respective injury/illness.
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Table 7.1: Composition of experimental diets (g/kg, as-fed basis)
SID SAA:LysA 0.50 0.80
Ingredients (g/kg)
Wheat 300.0 300.0
Barley 180.51 175.71
Soybean meal 156.29 136.6
Oaten groats 100.0 100.0
Meat and bone meal 15.00 −
Whey powder 100.0 100.0
Fish meal 83.6 95.4
Tallow 35.7 36.4
Canola meal 12.5 32.9
Lys 3.1 3.1
Met 0.29 4.14
Thr 1.44 1.41
Trp 0.69 0.69
Choline chloride 0.21 0.08
Limestone 1.35 4.25
Salt 3.00 3.00
ZnO 3.00 3.00
Biotronic Top 3B 1.00 1.00
Pig mineral premixC 2.25 2.25
Calculated composition
NE (MJ/kg) 10.43 10.42
Crude protein 215 215
SID amino acidsA
Lys 13.20 13.20
Met 3.69 7.62
Cys 2.91 2.98
Met + Cys 6.60 10.6
Thr 8.32 8.32
Trp 2.90 2.90
Ile 8.04 8.02
Leu 13.58 13.58
A SID = standardised ileal digestible amino acids were calculated based on tables
from Sauvant et al. (2004).
B Biotronic Top3 (Biomin, Australia Pty Ltd, Carlingford, Australia).
C Provided the following nutrients (per kg air dry diet) Vitamins: A 7785 IU, D3
1575 IU, E 27.5 mg, K 1.12 mg, thiamine 1.12 mg, riboflavin 3.38 mg, pyridoxine
1.69 mg, cyanocobalamin 16.88 µg, calcium pantothenate 12.04 mg, folic acid 0.22
mg, niacin 13.5 mg, biotin 33.75 µg. Minerals: Co 0.22 mg (as cobalt sulphate),
Cu 11.25 mg (as copper sulphate), iodine 0.56 mg (as potassium iodine), iron 67.5
mg (as ferrous sulphate), Mn 45 mg (as manganous oxide), Se 0.34 mg (as sodium
selenite), Zn 112.5 mg (as zinc oxide).
Abbreviations: SAA = sulphur amino acid
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7.1.4.2 Feed analysis
Diet samples were collected after they were dispensed from the automated feed delivery
system for the feeder in the pens. Feed was analysed using a ballistic bomb calorimeter
by Invivo Labs (Binh Duong City, Vietnam) to determine gross energy (GE). Crude
protein and amino acid content was determined using wet chemistry by Evonik Indus-
tries AG (Hanau, Germany) using methods described by Htoo et al. (2007). The SID
SAA: Lys ratios were then corrected based on the analyzed contents using the following
formula;
Corrected SID SAA:Lys = (calculated SID SAA:Lys x analysed total SAA:Lys) / cal-
culated total SAA:Lys.
7.1.4.3 Blood sampling and analysis
Five pigs per small pen and ten pigs per large pen were randomly selected for blood
sampling. Blood samples (9mL) were collected on d 11 via jugular vein puncture into
vacutainer tubes coated with lithium heparin. Samples were immediately placed on
ice, then centrifuged at 2,000 g for 15 minutes to recover plasma, which was stored at
-20◦C.
Plasma haptoglobin and urea levels were determined using an Olympus AU400
analyser (Tokyo, Japan) based on the method by Makimura and Suzuki (1982) and a
commercial kit (Olympus Reagent Kit OSR6134; Beckman Coulter Ireland Inc., Co.
Clare, Ireland) respectively. Samples were also analysed for C-reactive protein (C-RP)
using a commercial ELISA kit (Cat No. DY2648; R&D Systems, Minneapolis, USA).
Plasma albumin was measured using a Randox Daytona analyser (Crumin, UK) and a
commercial kit (Cat #AB3800, Randox, Crumin, UK).
7.1.4.4 Statistical analysis
Performance traits were analysed for linear and quadratic contrasts using generalised
linear model (GLM) procedures in SPSS (version 21.0, IBM), with analysed SID
SAA:Lys as the independent variable and body weight at d 0 as a covariate. Re-
moval of pigs from the study was recorded on a pen basis and analysed using GLM.
242
Chapter 7. Experiment 5
Pen served as the experimental unit for production data. No effect of sex was found
hence it was removed from the model. To further examine the quadratic effects that
were found for ADG in the first week, a quadratic polynomial regression was performed
using SPSS to determine an optimum SID SAA:Lys ratio. Plasma data were further
analysed for linear and quadratic contrasts. All means are reported as least square
means. Treatment effects were considered significant at P < 0.05, whereas P < 0.10
was considered a trend.
7.1.5 Results
7.1.5.1 Diets
The crude protein content was similar to that of the calculated composition (223 vs.
215 g/kg; analysed vs. calculated). The corrected SID SAA:Lys of 0.53, 0.57, 0.61,
0.68, 0.72, 0.76, 0.80, based on analysed amino acid values in each experimental diets,
were established and used for subsequent data interpretation (Table 2).
7.1.5.2 Performance traits
No linear or quadratic effects were found for BW of pigs at any time point (P > 0.05;
Table 3). A significant quadratic effect was shown for ADG in the first week after
weaning (P = 0.014), however no linear or quadratic effects were found for ADG for
any other time period (P > 0.05; Table 3). To further examine the effect of SID
SAA:Lys on ADG in the first week, a quadratic polynomial regression was performed
and an optimum ratio of 0.66 SID SAA:Lys with an ADG of 192 g (95% of optimum
daily gain 0.61 < SID SAA:Lys < 0.72) was determined (P = 0.030, R2 = 0.181, RSE
= 44.46; Fig. 1).
The SID SAA:Lys ratio reduced the ADFI (linear; P < 0.05) from d 14-21,
and during the overall experimental period. A linear trend between SID SAA:Lys ratio
and ADFI was found in the first week after weaning (P = 0.058) while ADFI was not
affected from d 7-14 after weaning (P > 0.05; Table 3).
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In the first week after weaning, there was a linear trend of improving FCR
with increased SID SAA:Lys ratio in the diet (P = 0.077). No effects were found in
the second week, third week or overall period after weaning (P > 0.05). However, FCR
from the first week after weaning did not fit any broken line model fitted to the data
(P = 0.772; data not shown).
Piglet removal due to illness or ill-thrift showed no difference between treat-
ment groups (P > 0.05; data not shown) and averaged 7.1% between treatments.
7.1.5.3 Plasma concentrations of C-RP, haptoglobin, albumin and
urea
Neither C-RP nor haptoglobin showed linear or quadratic responses to increasing SID
SAA:Lys in the diet on d 11 (P > 0.05). Albumin showed a linear effect in response
to increasing SID SAA:Lys in the diet (P = 0.05). The concentrations of plasma urea
did not show linear or quadratic effects in response to increasing SID SAA:Lys in the
diet (P > 0.05; Table 4).
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Figure 7.1: Fig. 1. EA quadratic polynomial regression of SID SAA:Lys
and ADG in the first week after weaning, where y = -2859.66 x2 + 3796.96
x – 1068.76 (P = 0.030; R2 = 0.181, RSE = 44.46). The maximum ADG
was achieved at 191.6 g when SID SAA:Lys = 0.66 (95% of optimum
ADG = 182 g and 0.61 < SID SAA:Lys < 0.72).
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7.1.6 Discussion
The aim of this experiment was to determine the optimum level of dietary SID SAA:Lys
ratio in commercially-housed weaner pigs. This was based on the notion that pigs
housed under such conditions will face environmental and pathological challenges (Black
et al. 2001) and will, therefore, respond to higher levels of SID SAA:Lys ratio in the
diet.
Commercially-housed pigs can be exposed to a large number and variety of
pathogens compounded by sub-optimal hygiene, which can cause immune system stim-
ulation, reduced feed intake, and increased energy expenditure and protein catabolism
(Black 2009; Pastorelli et al. 2012b). Following immune system stimulation, nutrients
can be partitioned from body gain to metabolic responses to support immune function
(Spurlock, 1997). Under conditions of immune stimulation, a greater proportion of
SAA are converted to non-protein compounds such as glutathione (Kim et al. 2012).
This would then increase the requirement for SAA to be sufficient for the pig to mount
an immune and (or) inflammatory response as well as to meet the requirement for
optimal growth.
7.1.6.1 Production indices
Burrin and Stoll (2003) described the changes around weaning as having an “acute”
(d 1- 7 after weaning) and an “adaptive” (d 7- onwards) phase. The acute phase is
characterised by low feed intake and the adaptive phase is when the pig recovers from
the insults of weaning. The quadratic effect of increasing SID SAA:Lys on ADG found
in the first week after weaning suggests that during the acute phase, the requirement of
SID SAA:Lys is higher. In fitting a quadratic polynomial to the data, it is recommended
to use arbitrary target levels (in the present case, 95%) as formulating diets for 100%
of animals is unfeasible (Baker 1986). In accordance with methods suggest by Pesti et
al. (2009) using a quadratic polynomial regression to determine an optimum ratio, the
present study found that in the first week of weaning, a ratio of 0.61 SID SAA:Lys was
necessary for 95% of optimum daily gain, and 0.66 SID SAA:Lys for 100% of optimum.
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In the present study the ADFI for the overall three-week period decreased
with increasing SID SAA:Lys particularly at 0.76 SID SAA.Lys. A reduction in feed
intake is a known response of animals to excess supply of amino acids in the diets. For
example, a depression in feed intake in response to excess dietary SAA level has also
been observed by Edmonds et al. (1987) when feeding pigs with a diet with 4% Met.
The linear effect of SID SAA:Lys to improve FCR partially supported the
hypothesis that pigs would respond to an increase in SID SAA:Lys. However data from
the present study did not fit the broken line model (quadratic-plateau regression) anal-
ysis recommended by Pomar et al. (2003) for modelling “populations” (not individual
pigs) due to the worsening in FCR in pigs fed 0.80 SID SAA:Lys. This worsening of
FCR is likely due to SAA levels becoming too high (imbalanced) and decreasing feed
intake. In a meta-analysis for optimum SID tryptophan to Lys by Simongiovanni et al.
(2011), an improvement in feed efficiency can be explained as a small reduction in feed
intake resulting in slightly leaner animals and thus better feed conversion.
Plasma urea levels can be used as an indicator of protein utilisation and
increases due to imbalance of amino acids, conversely, plasma urea levels decrease
with decreased protein breakdown or nitrogen utilisation is increased (Capozzalo et
al., 2015). The present study found that plasma urea levels were not affected by SID
SAA:Lys level in the diet. At the higher SID SAA:Lys diets, the pigs were reducing
their feed intake and thus possibly preventing amino acid imbalance (and increased
plasma urea). The lack of difference between treatments daily gain indicates there was
the same amount of protein deposition and thus it is unsurprising to find no changes
in plasma urea.
7.1.6.2 Acute phase proteins
The APP are commonly used as indicators of herd health as they sharply respond to
disease and are easily measureable in blood samples (Heegaard et al. 2011). Hap-
toglobin and C-RP are considered to be positive APP (increase with inflammation and
immune stimulation) while albumin is considered to be a negative APP (decreases with
inflammation or immune stress as they are used for production of immunoglobulins)
(Eckersall and Bell 2010).
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The present study found that plasma albumin levels were positively linearly
related to SID SAA:Lys. This is expected due to the cysteine-rich nature of albumin,
therefore at higher levels of SAA:Lys in the diet, there would be more SAA to maintain
albumin levels (Reeds and Jahoor 2001). This is also in congruence with data from
Litvak et al. (2013) who found that an increased amount of Met in the diet increased
circulating albumin levels.
In a survey of a commercial herd from birth to slaughter, Pomorska-Mo´l et
al. (2012) found typical C-RP levels in the fourth week of life (one week after weaning)
to be 14.2 ± 10.38 µg/mL. In a study comparing animals raised in good or poor
sanitary conditions, pigs fed ad libitum had plasma haptoglobin levels of 1.00 and 1.31
mg/mL respectively on d 12 after weaning (Pastorelli et al. 2012a). The present study
found both haptoglobin and C-RP levels to be generally above these reference values
but not affected by SID SAA:Lys ratio. This indicates that the animals in the present
study were being housed in “poor sanitary conditions” sufficient enough to stimulate an
inflammatory challenge. However, the present study haptoglobin levels were generally
lower than other published data determined under experimental infection with E. coli,
indicating that the overall level of challenge (stress, environmental, pathogenic) in the
commercial farm we used was moderate but not as severe as an experimental model
of infection. For example, Kim et al. (2011) reported a haptoglobin content of 1.57
mg/mL in ETEC-challenged weaner pigs on d 8 after weaning (3 d after infection with
E. coli), which was higher than found in the present experiment.
Under an inflammation model induced by an intramuscular injection of 0.3
mL turpentine/kg of BW, Heegaard et al. (2011) showed a sharp increase in hap-
toglobin and C-RP that then returned to “pre-stimulation” levels at d 10 and 7 post
infection, respectively. It is likely, therefore, that the sampling time of d 11 post-
weaning used in the present study may not have captured the acute phase response.
Furthermore the composition of diets included zinc oxide, which is known to protect
epithelial cells by inhibiting bacterial adhesion and preserving barrier integrity (Roselli
et al. 2005), and Biotronic Top 3 used in the diets of the present study contains organic
acids and essential oils. Both these compounds have been demonstrated to improve
post-weaning performance (Mroz 2005; Roselli et al. 2005; Halas et al. 2007) and
may have additionally contributed to a reduction in the pathogen load and thus mit-
igated the immune/inflammatory stress of the pigs. Thus, the acute phase response
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was likely additionally minimal due to the beneficial effects of inclusion of these two
dietary products.
7.1.6.3 Conflict of Interest
The authors do declare that there was no conflict of interest.
7.1.6.4 Summary
The implications of these findings are that in the immediate week (acute phase) after
weaning pigs most likely require more SAA than the subsequent weeks (adaptive phase)
for mounting an immune/inflammatory response. In summary, the present study found
that a dietary SID SAA:Lys of 0.61 optimized body weight gain of pigs during the first
week post-weaning. .
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8.1.1 Summary Text
The post-weaning period for pigs is characterised by a myriad of stressors in-
cluding exposure and often infection with Escherichia coli. These stressors may
increase the requirement for some essential amino acid such as tryptophan and
sulphur amino acids. The present study found that dietary supplementation of
weaner pigs with tryptophan and sulphur amino acids had beneficial effects on
feed conversion to body gain as well as anti-inflammatory effects and reduced
plasma urea, a marker of protein utilisation.
8.1.2 Abstract
This experiment tested the hypothesis that pigs challenged with an enterotox-
igenic strain of Escherichia coli (ETEC) will improve performance by dietary
supplementation of sulphur amino acids (SAA) and tryptophan (Trp) above the
current recommended levels in the immediate post-weaning period. Male pigs
(n=96) weighing 6.2 ± 0.78 kg (mean ± SD) and weaned at 21 d were stratified
into one of four treatments based on weaning weight (n=24). Four diets were
formulated (11.2 MJ NE/kg; 20.1% crude protein, 1.25% standardised ileal di-
gestible (SID) Lysine (Lys)) according to a two by two factorial arrangement of
treatments with 2 levels of SID SAA:Lys ratio (0.52 vs 0.60) and 2 levels of SID
Trp:Lys ratio (0.16 vs 0.24). Diets did not contain any antimicrobial compounds.
Pigs were individually housed and were fed diets for 14 d after weaning. Pigs
were infected with ETEC (3.44 x 108 CFU/mL, serotype O149:K91:K88) on d
5, 6, and 7 after weaning. Pigs were bled on d 5, 8 and 14 and subsequently
analysed for plasma levels of acute phase proteins, urea, cytokines (d 5 and 8
only) and amino acids (d 5 and 8 only). Increasing either Trp (P = 0.036) or
SAA (P = 0.028) improved feed conversion ratio (FCR). Furthermore, pigs pigs
fed low levels of both Trp and SAA had worsened FCR compared to pigs fed
other diets (P = 0.092) . Level of Trp and SAA in the diet had no impact on
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the incidence of post-weaning diarrhoea (P > 0.05) however, pigs fed higher lev-
els of SAA had higher levels of ETEC shedding on d 12 and 14 after weaning
(P < 0.019). Increasing dietary Trp reduced the intensity of inflammation (as
measured by APP Index = [(C-reactive protein x haptoglobin)/apolipoprotein
A1]) immediately after infection with ETEC (P < 0.05). Increasing dietary SAA
reduced plasma levels of interferon-gamma (IFN-γ) regardless of dietary Trp or
day of sampling (P = 0.043). Increasing dietary SAA decreased plasma urea
levels on d 5, 8 and 14 (P < 0.05). These data indicate that Trp supplementation
reduced the intensity of inflammation and SAA supplementation decreased the
pro-inflammatory IFN-γ response and improved protein utilisation, as measured
by PU, while supplementation with both Trp and SAA inclusion levels improved
FCR.
Keywords: E. coli, methionine, tryptophan, weaner pigs
8.1.3 Introduction
Post-weaning diarrhoea (PWD) is a condition characterised by frequently dis-
charged watery faeces within the first two weeks after weaning (Pluske et al.
1997; Madec et al. 2000; Pluske et al. 2002). It is a multi-factorial disease
in its pathogenesis and is generally associated with the presence of large num-
bers of enterotoxigenic E. coli (ETEC) in the small intestine in the post-weaning
period (Hopwood and Hampson 2003). Gallois et al. (2009) have described
inflammatory-type conditions along the length of the gastrointestinal tract dur-
ing weaning coincidental with PWD caused by ETEC.
Tryptophan (Trp) is an essential amino acid and is associated with many
important physiological functions. Of particular relevance to immune function
is the degradation of Trp to kynurenine (Kyn) via 2,3 indoleamine dioxygenase
(IDO) and the greater concentration of Trp in acute phase proteins (APP) (Mof-
fett and Namboodiri 2003; de Ridder et al. 2012). Using a model of lung inflam-
mation in weaner pigs, plasma levels of Trp decreased and Kyn levels increased
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under immune system stimulation, and pigs under inflammatory states fed more
Trp were able to maintain plasma levels of Trp compared to un-supplemented
pigs (Le Floc’h et al. 2004; Le Floc’h et al. 2006; Le Floc’h et al. 2009). Further
work by Trevisi et al. (2009) found that pigs susceptible to ETEC and supplied
with additional Trp (0.20 vs 0.28 total Trp:Lys) increased feed intake and main-
tained growth, thereby partially compensating for immune system stimulation
caused by ETEC infection. These data indicate an increased need for Trp during
inflammatory stress.
Methionine (Met) is a sulphur-based amino acid (SAA) and is required
for optimum immune function (Rakhshandeh et al. 2007) and the synthesis of
glutathione (GSH). Studies have indicated that the conversion rate of Met to
cysteine (which is irreversible) increases during immune system stimulation to
meet the cysteine needs for the immune system, hence increasing the dietary Met
requirements to satisfy the needs of protein synthesis (Malmezat et al. 2000).
Rakhshandeh et al. (2007) demonstrated that growing pigs have an increased
need for dietary SAA when the immune system was stimulated with an intra-
muscular injection of E. coli lipopolysaccharide (LPS). In these studies, 40-50 kg
pigs were fed daily amounts of SAA that were below requirements for maximum
nitrogen (N) retention. Nitrogen retention was reduced in pigs that were injected
with LPS, which coincided with increased plasma levels of cytokines and APP.
Also, a recent study by Kim et al. (2012) demonstrated that feeding a high SAA
diet to pigs with LPS-induced immune system activation significantly improved
feed conversion ratio and body protein deposition from 58 g to 66 g/day.
The National Research Council (2012) recommends a diet with 0.16
standardised ileal digestible (SID) Trp:Lysine (Lys) and 0.56 SID SAA:Lys ratio
for pigs between 7-25 kg. However and as indicated above, these recommended
levels might not be sufficient for pigs suffering inflammatory-type conditions such
as those arising from the general post-weaning malaise. For example, a meta-
analysis found that the optimum level of Trp:Lys for daily gain is likely to be
0.22 (Simongiovanni et al. 2011).
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The overall aim of this experiment was to examine whether incorpo-
rating higher ratios of Trp:Lys and (or) SAA:Lys, using Met as source of SAA,
than recommended levels into a weaner diet will have beneficial effects on pro-
duction performance, indices of inflammation and indicators of immune system
stimulation following infection with E. coli. The hypothesis tested was that pigs
infected with ETEC would positively respond, in terms of performance, indices of
inflammation and indicators of immune system stimulation, to supplementation
of Trp or SAA above recommended levels and that supplementation with both
would have further beneficial effects than supplementation with either singularly.
8.1.4 Materials and Methods
The experimental protocol was reviewed and approved by the Animal Ethics
Committee of the Department of Agriculture and Food Western Australia (AEC
2-14-05) and Murdoch University (R2668/14).
8.1.4.1 Experimental design
A total of 96 pigs was stratified into one of four treatments (n = 24) according to
a two by two factorial arrangement with two levels of Trp (calculated SID Trp:Lys
of 0.16 or 0.24) and two levels of SAA (calculated SID SAA:Lys ratios of 0.55 or
0.66) in a completely randomised block design. Pigs were fed experimental diets
for two-weeks after weaning and infection with ETEC occurred at d 5, 6 and 7
after weaning. Diets were formulated to meet the minimum recommendations
according to National Research Council (2012) guidelines with the exception of
Lys, Trp and SAA.
8.1.4.2 Animals, housing and diets
The 96 male pigs (6.2 ± 0.78 (mean ± SD); Large White x Landrace) were
sourced from a commercial piggery at weaning. Upon arrival, pigs were randomly
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allocated to treatments according to initial body weight and block within the
facility. Pigs were housed individually with a space allowance of 0.4 m2, with a
feeder and a nipple bowl drinker situated in each pen. All pens were contained
within the same room. Ambient temperature was maintained at 29 ± 1◦C for the
first week and decreased by 2◦C in subsequent week. Pigs had ad libitum access
to water and the experimental diets for two weeks after weaning. Feed wastage
was negligible.
A basal diet based on wheat, barley, whey and soybean meal was formu-
lated to contain 11.2 MJ NE/kg. Formulation of the diet was based on analysed
amino acid contents of ingredients and established SID coefficients (Sauvant et al.
2004) to achieve sufficient levels of all nutrients, except Trp, SAA and Lys. Diets
were formulated such that Lys was marginally limiting for these pigs (Sauvant et
al. 2004; National Research Council 2012). Levels of Trp and SAA were adjusted
by addition of synthetic L-Trp and DL-Met. Diets did not contain antimicrobial
growth compounds (AMC), and were fed in meal form. The diet composition
and analysed chemical composition are presented in Tables 1 and 2. Diet SID
levels for Trp, SAA and Lys were calculated according to the following formula;
Corrected diet SID level = (calculated SID x analyzed total content) /
calculated total content.
8.1.4.3 Experimental infection with ETEC and measurements of PWD
The inoculation culture of ETEC was grown as described by Heo et al. (2009).
Infection with 6, 8, and 10 mL of ETEC (3.44 x 108 CFU/mL, β-haemolytic
serotype O149:K98:K88; toxins LT, ST, and STb) occurred at d 5, 6 and 7 after
weaning, respectively. The inoculation procedure involved mild restraint with
inoculum administered orally via a drench gun in 2 mL aliquots.
Faecal consistency was assessed daily for 14 d after weaning using a
four-point scale. Faeces were given a score of (1) firm, (2) soft, spreads slightly,
(3) very soft, spreads easily or (4) watery liquid consistency with the latter being
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considered diarrhoea. This score was then converted to percentiles such that 1
= 0%, 2 = 33.3%, 3 = 66.7% and 4 = 100%, to allow for statistical analysis.
Faecal shedding of β-haemolytic ETEC was assessed on d 0, 5, 7, 9, 11 and 14
after weaning by inserting a cotton swab into the anus. Swabs were then used
to inoculate sheep blood (50 mL/L) agar plates (PathWest, Western Australia).
Plates were incubated overnight at 37◦C and were assessed based on morphology
and haemolysis. Scores were given to plates on a six-point scale from 0 to 5 where
0 = no growth and 5 = growth in the fifth section of the plate (Heo et al. 2009).
8.1.4.4 Blood sampling and analysis
A subsample of 16 pigs from each treatment group was selected for analysis
of blood parameters measuring inflammation and immune system stimulation
indicators. These pigs were selected based on faecal consistency score such that
eight pigs per treatment had either clinical signs of PWD (at least one day with
faecal score 4 in the three-day infection period) or no clinical signs of PWD
(i.e., faecal score = 1 each day during the three-day infection period) to ensure
homogeneity of expression of PWD between groups. Pigs were fasted for six hours
before blood sampling. Blood was collected on d 5, 8 and 14 after weaning via
jugular venipuncture into a 4 ml EDTA tube and a 9 mL heparinised tube per
pig per sampling time. Samples collected in EDTA tubes were stored at room
temperature until analysed using an ADVIA machine for whole blood counts on
the same day of collection. Heparinised samples were immediately placed on ice
before being centrifuged for 15 minutes at 2000 x g. Plasma was then recovered
and stored at -20◦C until analysis.
Plasma APP on d 5, 8 and 14 were assessed using various methods. An
Olympus AU400 analyser (Tokyo, Japan) was used to determine plasma levels
of haptoglobin (Makimura and Suzuki 1982). Commercial ELISA kits were used
to determine plasma levels of C-reactive protein (C-RP) (Cat # DY2648, R&D
Systems, Minneapolis, MN, USA), ApoA1 (Cat # MBS2511100 MyBioSource,
San Diego, CA, USA) and PigMAP (Cat # PME01, PigCHAMP, Segovia, Spain).
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An index for APP in accordance with a recommendation by Skinner (2001) was
calculated using the following formula: APP Index = (PigMAP x C-RP)/ApoA1
Plasma was analysed on d 5 and 8 for a number of selected porcine cy-
tokines, namely interferon-gamma (IFN-γ), interleukin 10 (IL-10), interleukin-1
beta (IL-1β) and tumour necropsy factor alpha (TNF-α) (Product Code MPP-
CYTMAG23K06, Millipore, Billercia MA, USA), and read on a multiplex bead
reader (BioPlex, BioRad, Hercules, CA, USA).
Plasma urea (PU) and albumin were determined using an Olympus
AU400 analyser (Olympus Reagent Kit, OSR6134 and OSR6102, Beckman Coul-
ter Ireland Inc., Co. Clare, Ireland) on d 5, 8 and 14. Plasma levels of amino
acids (with the exception of Trp and Kyn) were assessed after deproteinisation
using the method described by Fekkes (1996) and then run in a HPLC (Hewlett
Packard 1100, Aligent Technologies, Santa Clare, CA, USA) system using con-
ditions similar to those described by Gratzfeld-Huesgen (1998). Plasma Trp and
Kyn levels on d 11 were determined using HPLC on a reverse-phase C-18 column
as described by Laich et al. (2002).
8.1.4.5 Statistical analysis
Data was analysed for outliers using the outlier test in SPSS (IBM version 21).
Further statistical analyses were performed using the generalised linear model
procedures in SPSS with Trp level, SAA level, and the interaction between Trp
and SAA levels as factors and the individual pig as the experimental unit. Blood
data were further analysed in SPSS using repeated-measures analysis of vari-
ance. Clinical signs of PWD were not used as a factor as it was not significant
(P>0.05) for plasma cytokines, immune blood cell counts, or APP. Statistical
significance was accepted at P < 0.05 and 0.05 < P < 0.10 was considered a
trend. Where treatment effects were significant the means were separated using
Fisher’s protected least significant difference test.
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Table 8.1: Composition of experimental diets (g/kg, as-fed basis).
Corrected SID Trp:Lys 0.16 0.24
Corrected SID SAA:Lys 0.52 0.60 0.52 0.60
Ingredients
. Wheat 404.8 404.8 404.8 404.8
Barley 150.0 150.0 150.0 150.0
Full fat soya 270.1 270.1 270.1 270.1
Whey powder 121.5 121.5 121.5 121.5
Canola oil 11.7 11.7 11.7 11.7
Dicalcium phosphate 12.2 12.2 12.2 12.2
Limestone 16.0 16.0 16.0 16.0
Salt 2.5 2.5 2.5 2.5
Choline Chloride 0.2 0.2 0.2 0.2
Mineral vitamin premixA] 1.5 1.5 1.5 1.5
L - Lys 5.00 5.00 5.00 5.00
L -Thr 2.25 2.25 2.25 2.25
DL - Met 1.18 2.50 1.15 2.50
L - Val 0.99 0.99 0.99 0.99
L - Trp − − 1.00 1.00
Calculated Composition
NE (MJ/kg) 10.4 10.4 10.4 10.4
Crude Protein (g/kg) 201 201 201 201
SID Amino Acids textsuperscriptB
Lys 12.50 12.50 12.50 12.50
Met 3.55 4.85 3.54 4.85
Met + Cys 6.88 8.17 6.87 8.16
Thr 8.13 8.13 8.13 8.13
Ile 7.04 7.04 7.04 7.04
Leu 13.29 13.29 13.29 13.29
Arg 10.44 10.44 10.44 10.44
His 4.07 4.07 4.07 4.07
Phe 8.00 7.99 7.99 7.98
Trp 2.00 2.00 2.98 2.98
Trp :Lys 0.16 0.16 0.24 0.24
SAA:Lys 0.55 0.66 0.55 0.66
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A Provided per kg air dry diet: vitamin A 5250 IU, vitamin D3 1050 IU, vitamin
E 15 mg, vitamin K 0.75 mg, thiamine 0.75 mg, riboflavin 2.25 mg, pyridoxine
1.12 mg, cyanocobalamin 11.25 µg, calcium pantothenate 8.02 mg, folic acid 0.15
mg, niacin 9 mg, biotin 22.5 µg, Co 0.15 mg (as cobalt sulphate), Cu 7.5 mg (as
copper sulphate), iodine 0.38 mg (as potassium iodine), iron 45 mg (as ferrous
sulphate), Mn 30 mg (as manganous oxide), Se 0.22 mg (as sodium selenite), Zn
75 mg (as zinc oxide) (provided by Biojohn Pty Ltd., WA, Australia)
B SID, standardised ileal digestible (SID amino acid contents were calculated
based on analysis of feed ingredients and tables from Sauvant and Perez 2004).
Abbreviations: SAA = sulphur amino acid, NE = net energy
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Table 8.2: Analysed chemical composition (g/kg, as-fed basis).
Corrected SIDA Trp:Lys 0.16 0.24
Corrected SIDA SAA:Lys 0.52 0.60 0.52 0.60
Gross energy MJ/kg) 17.6 17.6 17.6 17.6
Crude protein 196 202 193 199
Amino acids [g/kg]
Met 3.57 4.64 3.60 4.51
Cys 3.39 3.39 3.28 3.34
Lys 12.91 13.28 12.52 12.60
Thr 8.19 8.33 8.14 8.16
Trp 2.26 2.36 3.08 3.15
Arg 11.40 11.45 10.87 11.31
Ile 7.46 7.57 7.16 7.53
Leu 13.16 13.29 12.56 13.19
Val 9.07 9.01 8.87 9.16
His 4.56 4.61 4.42 4.63
Phe 9.14 9.21 8.87 9.16
Gly 7.95 7.94 7.60 7.93
Ser 9.07 9.08 8.70 9.10
Pro 14.6 14.76 14.19 14.82
Ala 7.17 7.12 6.80 7.05
Asp 15.79 16.08 15.01 15.81
Glu 43.60 43.76 42.32 43.96
Corrected SIDA Trp:Lys 0.16 0.17 0.24 0.25
Corrected SIDA SAA:Lys 0.52 0.60 0.53 0.61
A Dietary SID levels were corrected based on the amalysed dietary
amino acid contents using the following formula: Corrected SID =
(calculated SID x analyzed total) / calculated total.
Abbreviations: SID = standardised ileal digestible, SAA = sulphur
amino acids
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8.1.5 Results
8.1.5.1 Diet analysis
Analysed diet crude protein levels were slightly lower than calculated levels. The
average crude protein between diets was 198 and 202 g/kg for analysed and
calculated values, respectively. Corrected levels of SID Trp:Lys did not deviate
far from expected values however corrected SID SAA:Lys levels were lower than
calculated levels. For the low SAA diets, the corrected SID SAA:Lys ratio was
0.03 lower than the calculated SID SAA:Lys ratio. For the high SAA diets, the
corrected SID SAA:Lys ratio was 0.06 lower than the calculated SID SAA:Lys
ratio. The difference between low and high SAA diets was 0.08 for the corrected
SID SAA:Lys verses 0.11 for calculated levels.
8.1.5.2 Production performance
For the overall 2-week period, a trend for Trp for increased average daily gain
(ADG) was found (P = 0.080). Average daily feed intake (ADFI) was not affected
by dietary treatments (P > 0.05). Feed conversion ratio (FCR) was improved by
the addition of Trp (P = 0.036) and more SAA (P = 0.028), with a trend for an
interaction between dietary factors where pigs fed low SAA and low Trp had the
worst FCR (P = 0.092; Table 3).
8.1.5.3 Incidence of PWD and faecal ETEC shedding
Incidence of PWD was not affected by dietary treatment for any time period (P
> 0.05). The faecal swab score from on d 0, 5 and 8 were not affected by dietary
treatment (P > 0.05). Faecal swab score showed a weak trend on d 10 (P =
0.081), and was higher in pigs fed higher levels of SAA on d 12 (P = 0.019) and
d 14 (P = 0.018; Table 4).
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8.1.5.4 Blood counts
Red blood cell counts (RBC) showed an interaction effect on d 5 between Trp and
SAA level in the diet with pigs fed low Trp and high SAA having lower counts
than pigs fed low Trp and low SAA and pigs fed high Trp and high SAA (P =
0.046). No differences were found between treatments for RBC count on d 8 or
14 (P > 0.05). A time effect was found for RBC with pigs on d 14 having the
lowest and on d 8 having the highest RBC (P < 0.001). White blood cell count
(WBC) was not affected by dietary treatment on d 5 or 8 (P > 0.05). On d 14, a
trend was found that increasing Trp in the diet decreased the count (P = 0.058).
WBC increased with time (P < 0.001) but there was no interaction between time
and treatment. No differences between treatments were found for proportions of
lymphocyte or neutrophils or the neutrophil to lymphocyte ratio for any day (P
> 0.05). An effect of time was found on the proportion of neutrophils and the
neutrophil to lymphocyte ratio such that d 5 and d 8 were the same and both
lower than d 14 (P < 0.009; Table 5).
8.1.5.5 Acute phase proteins
On d 5, C-RP levels were higher in pigs fed high levels of Trp (P = 0.006) and
there was a trend for increased dietary SAA to decrease C-RP levels (P = 0.088),
and an overall interactive trend (P = 0.076). On d 8, a strong trend for pigs fed
high levels of Trp to have decreased levels of C-RP was found (P = 0.053). On
d 14 no effect of diet was found for C-RP levels (P > 0.05). There was an effect
of time where pigs on d 5 had higher C-RP levels than other time points (P =
0.030). A time x Trp trend was also found where C-RP levels on d 5 tended to
be higher in pigs fed higher levels of Trp (P = 0.068). On d 5 no differences were
found between treatments for haptoglobin (P > 0.05). On d 8, pigs fed higher
levels of Trp had lower levels of haptoglobin (P = 0.021). On d 14 there were
no differences between treatments for haptoglobin levels (P > 0.05). There was
an effect of time where haptoglobin levels were the same between d 5 and d 8
but greater than on d 14 (P = 0.001). A time x Trp trend was also found where
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pigs fed high Trp had decreased plasma haptoglobin on d 8 (P = 0.099). No
differences were found between treatments for PigMAP levels for any time point
(P > 0.05). There was an effect of time where pigs had higher levels of PigMAP
on d 5 and 8 than on d 14 (P = 0.044). On d 5, ApoA1 levels were higher in pigs
fed higher levels of SAA (P = 0.020). On d 8 no differences between treatments
were found for ApoA1 (P > 0.05). On d 14, ApoA1 was higher in pigs fed higher
levels of Trp (P = 0.042). There was an effect of time where pigs on d 8 and 14
had higher levels of ApoA1 than on d 5 (P < 0.001). An effect of SAA was also
found where pigs fed high levels SAA had higher levels of ApoA1 (P = 0.019).
No differences were found between dietary treatments for plasma albumin on any
sampling point (P > 0.05). An effect of time was found which decreased plasma
albumin (P < 0.001; Table 6). The APP index was lower in pigs fed high SAA
than pigs fed low SAA regardless of Trp level in the diet or time of sampling (P
= 0.035). Pigs fed high SAA had no differences between Trp level and day of
sampling (P > 0.05). Pigs fed low SAA had higher APP index on d 8 than pigs
fed high Trp (P = 0.025).
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a,bDifferent superscripts in the same row differ (P < 0.05)
A Trp = Effect of Trp level in the diet
B SAA = Effect of SAA level in the diet
C Effect of time (P < 0.001) where d 14 < d 5 < d 8 and effect of Trp x SAA (P = 0.020) where pigs fed high Trp had the same RBC
regardless of SAA level
D Effect of time (P < 0.001) where d 5 < d 8 < d 14
E Effect of time (P < 0.009) where d 5 = d 8 < d 14
F Effect of time (P < 0.001) where d 5 > d 8 > d 14 and SAA trend (P = 0.095) where pigs fed high SAA had more lymphocytes
Abbreviations: SID = standardised ileal digestible, SAA = sulphur amino acids, Trp = tryptophan, WBC = white blood cells
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A Trp = Effect of Trp level in the diet
B SAA = Effect of SAA level in the diet
C Effect of time (P = 0.030) where d 5 > d 8 = d 14 and time x Trp trend (P = 0.068) where on d 5 C-RP levels were higher in pigs
fed high Trp.
D Effect of time (P = 0.001) where d 5 = d 8 > d 14 and a time x Trp trend (P = 0.099)
E Effect of time (P = 0.044) where d 5 = d 8 > d 14
F Effect of time (P < 0.001) where d 5 < d 8 = d1 4 and effect of SAA (P = 0.019) where pigs fed high SAA had higher levels of
ApoA1
G Effect of time (P < 0.001) where d 5 > d 8 > d 14
Abbreviations: SID = standardised ileal digestible, SAA = sulphur amino acids, Trp = tryptophan, C-RP = C-reactive protein,
PigMAP= pig major acute phase protein, ApoA1 = apolipoprotein A1
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8.1.5.6 Plasma cytokines
No differences were found for IFN-γ on d 5. On d 8, an interaction effect was
found for IFN-γ, with pigs fed low Trp and high SAA having lower levels of IFN-γ
and pigs fed either low Trp and low SAA or high Trp and high SAA having higher
levels of IFN-γ (P = 0.027). There was an interaction effect of time, Trp and
SAA where pigs fed higher SAA maintained their plasma levels of IFN-γ from
d 5 to day 8 regardless of Trp, but pigs fed low SAA did not maintain plasma
levels between days of sampling (P = 0.043). Furthermore pigs fed low level of
Trp and low SAA increased their level of IFN-γ between d 5 and d 8 and pigs fed
high Trp and low SAA decreased their plasmas levels of IFN-γ between d 5 and
d 8. No differences were found between times or treatments for IL-10 on either
day of sampling (P > 0.05). On d 5, pigs fed higher levels of Trp had a trend
to have lower levels of IL-1β (P = 0.072). On d 8, no effect of treatment was
found for IL-1β. No effect of time was found for IL-1β (P > 0.05). No effect of
treatment was found for TNF-α on either day (P = 0.05; Table 8). An effect of
time was found where pigs on d 5 had higher levels of TNF-α than on d 8 (P =
0.017; Table 7).
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Figure 8.1: Effect of level of Trp and SAA on APP Index on d 5, 8 and 14
where APP Index = (C-RP x PigMAP) / ApoA1. Pigs fed high SAA had
lower APP index than pigs fed low SAA regardless of Trp level or time of
sampling (P = 0.035). No differences were found between d of sampling
or Trp level for pigs fed high SAA (P > 0.05). Pigs fed low SAA had a
Trp x Trp level interaction; different letters next to data points (mean ±
SE) differ (P < 0.05).
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a,b,c Different superscripts in the same row differ (P < 0.05)
A Trp = Effect of Trp level in the diet
B SAA = Effect of SAA level in the diet
C Effect of time x Trp x SAA (P = 0.043) where a high level SAA decreased plasma levels of IFN-γ regardless of Trp level
DEffect of time (P = 0.017) where d 5 > d 8
Abbreviations: SID = standardised ileal digestible, SAA = sulphur amino acids, Trp = tryptophan, IFN-γ = interferon-gamma, IL-10
= interleukin 10, IL-1β= interleukin-1 beta; TNF-α = tumour necropsy factor alpha.
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8.1.5.7 Plasma urea
On d 5 and 8 PU contents were lower in pigs fed higher levels of SAA (P <
0.035). On d 14 there was no effect of diet on PU levels (P > 0.05). There was
an effect of time where PU levels were increased on d 5 compared with d 5 and
14, regardless of treatments (P < 0.001). There was an effect of SAA where pigs
fed lower levels of SAA had higher levels of PU contents regardless of sampling
time-point or Trp in the diet (P = 0.011; Table 8).
8.1.5.8 Plasma amino acid levels
Means of plasma amino acids for each treatment group and d of sampling are
presented in Table 9. Statistics are presented in Table 10. Increasing dietary
Trp increased plasma levels of Met and Trp (P < 0.05) and tended to increase
plasma levels of Kyn. Increasing dietary SAA increased plasma levels of Met,
but decreased levels of valine (P < 0.05) and tended to decrease levels of leucine
(0.10 > P > 0.05). Infection with ETEC (time) increased levels of Trp, valine,
proline, arginine, isoleucine, threonine, phenylalanine, serine, alanine, aspargine
and tyrosine (P < 0.05) and tended to increase plasma levels of glutamine (0.10
> P > 0.05). Infection with ETEC decreased plasma levels of Lys, Kyn, leucine,
histidine and Met (P < 0.05).
A time and Trp interaction trend was found for arginine where pigs on
d 5 had the same plasma levels of arginine regardless of Trp level but on d 8 pigs
fed low Trp had higher levels of plasma arginine (0.10 > P > 0.05).
A time and SAA interaction trend was found for plasma proline, which
was highest on d 8 in pigs fed high SAA diets (0.10 < P < 0.05). A time, Trp and
SAA interaction effect was found where pigs fed high SAA and high Trp diets
had higher levels of plasma alanine on d 8 than on d 5, and pigs fed any other
diets had the same level of plasma alanine regardless of sampling day (P < 0.05).
A time, Trp and SAA interaction trend was found where pigs fed low Trp and
low SAA had the same level of plasma isoleucine regardless of day of sampling,
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whereas pigs fed any other diet had increased levels of plasma isoleucine on d 8
than d 5 (0.10 < P < 0.05). A time, Trp and SAA interaction trend was found
where pigs fed high Trp and high SAA diets had higher levels of plasma taurine
on d 8 than on d 5 (0.10 < P < 0.05).
283
Chapter 8. Experiment 6
T
ab
le
8.
8:
E
ff
ec
t
of
h
ig
h
an
d
lo
w
le
ve
ls
of
T
rp
an
d
S
A
A
on
p
la
sm
a
u
re
a
le
ve
ls
on
d
5,
8
an
d
14
af
te
r
w
ea
n
in
g
S
ID
T
rp
:L
y
s
0.
16
0.
24
S
E
M
P
-v
al
u
e
S
ID
S
A
A
:L
y
s
0.
52
0.
60
0.
52
0.
60
T
rp
A
S
A
A
B
T
rp
x
S
A
A
U
re
a
(m
m
ol
/L
)C
d
5
5.
20
4.
56
5.
30
4.
44
0.
34
6
0.
99
7
0.
03
5
0.
75
2
d
5
6.
43
6.
21
6.
79
5.
25
0.
39
9
0.
45
3
0.
03
1
0.
10
4
d
5
5.
39
4.
52
5.
27
4.
99
0.
41
2
0.
68
5
0.
17
0
0.
47
9
A
T
rp
=
E
ff
ec
t
of
T
rp
le
ve
l
in
th
e
d
ie
t
B
S
A
A
=
E
ff
ec
t
of
S
A
A
le
ve
l
in
th
e
d
ie
t
C
E
ff
ec
t
of
ti
m
e
(P
<
0.
00
1)
w
h
er
e
d
5
=
d
14
<
d
8
an
d
S
A
A
(P
=
0.
01
1)
w
h
er
e
lo
w
S
A
A
>
H
ig
h
S
A
A
A
b
b
re
v
ia
ti
on
s
ar
e:
S
ID
=
st
an
d
ar
d
is
ed
il
ea
l
d
ig
es
ti
b
le
S
A
A
=
su
lp
h
u
r
am
in
o
ac
id
,
T
rp
=
tr
y
p
to
p
h
an
284
Chapter 8. Experiment 6
T
ab
le
8.
9:
E
ff
ec
t
of
le
ve
ls
of
T
rp
an
d
S
A
A
on
p
la
sm
a
am
in
o
ac
id
le
ve
ls
on
d
5
(b
ef
or
e
in
fe
ct
io
n
)
an
d
d
8
(a
ft
er
in
fe
ct
io
n
)
af
te
r
w
ea
n
in
g
S
ID
T
rp
:L
y
s
0.
16
0.
24
S
ID
S
A
A
:L
y
s
0.
52
0.
60
0.
52
0.
60
S
E
M
S
am
p
li
n
g
D
ay
5
8
5
8
5
8
5
8
E
A
A
(µ
m
ol
/L
)
A
rg
12
5
21
4
11
3
18
8
12
7
15
5
12
5
16
5
16
.1
H
is
12
0
11
6
12
4
10
4
12
3
10
4
12
0
11
0
6.
1
Il
e
15
7
17
7
14
9
20
9
16
1
21
3
15
3
19
8
12
.8
L
eu
18
0
16
7
15
1
14
0
18
4
17
1
17
4
15
1
12
.8
L
y
s
13
9
89
14
0
11
5
15
3
79
16
4
10
6
23
.5
M
et
41
32
42
37
42
39
59
47
3.
9
P
h
e
91
10
3
95
10
8
93
96
87
95
5.
6
T
h
r
17
5
26
9
14
2
20
4
16
0
21
3
15
7
19
0
26
.0
T
rp
41
44
36
42
50
56
50
57
4.
8
V
al
29
5
33
5
25
2
32
2
30
0
36
7
26
8
33
4
14
.5
N
E
A
A
(µ
m
ol
/L
)
A
sn
60
74
58
76
67
86
81
84
5.
8
S
er
16
7
20
9
15
2
20
5
15
8
21
8
14
9
20
3
14
.3
G
lu
45
1
46
4
47
3
43
1
48
7
51
8
43
5
50
2
36
.9
G
ly
10
84
10
23
97
4
11
27
10
06
10
90
10
46
11
77
89
.8
1-
m
et
h
y
lh
is
ti
d
in
e
32
29
27
27
26
25
28
26
1.
9
A
la
55
9
71
9
66
5
74
4
65
9
64
7
45
6
87
1
74
.8
T
au
53
40
64
45
60
45
60
84
9.
1
T
y
r
62
82
60
78
71
81
63
80
4.
7
C
y
s-
C
y
st
in
e
4.
4
1.
6
2.
7
3.
4
2.
3
1.
1
5.
3
3.
4
1.
31
P
ro
37
8
44
5
38
3
50
1
46
7
43
8
39
1
48
9
32
.5
K
y
n
u
re
n
in
e
1.
0
0.
7
0.
8
0.
7
1.
2
0.
9
1.
2
0.
9
0.
11
A
b
b
re
v
ia
ti
on
s:
S
ID
=
st
an
d
ar
d
is
ed
il
ea
l
d
ig
es
ti
b
le
,
S
A
A
=
su
lp
h
u
r
am
in
o
ac
id
,
T
rp
=
tr
y
p
to
p
h
an
,
E
A
A
=
es
se
n
ti
al
am
in
o
ac
id
s,
N
E
A
A
=
n
on
-e
ss
en
ti
al
am
in
o
ac
id
s
285
Chapter 8. Experiment 6
T
ab
le
8.
10
:
E
ff
ec
t
of
ti
m
e
of
sa
m
p
li
n
g,
d
ie
ta
ry
T
rp
an
d
S
A
A
le
ve
ls
an
d
th
ei
r
in
te
ra
ct
io
n
s
on
p
la
sm
a
le
ve
ls
of
am
in
o
ac
id
s
T
rp
S
A
A
T
rp
x
S
A
A
T
im
e
T
im
e
x
T
rp
T
im
e
x
S
A
A
T
im
e
x
T
rp
x
S
A
A
E
A
A A
rg
N
S
N
S
N
S
∗∗
∗
†
N
S
N
S
H
is
N
S
N
S
N
S
∗
N
S
N
S
N
S
Il
e
N
S
N
S
N
S
∗∗
∗
N
S
N
S
†
L
eu
N
S
†
N
S
†
N
S
N
S
N
S
L
y
s
N
S
N
S
N
S
∗∗
∗
N
S
N
S
N
S
M
et
∗
∗
N
S
∗
N
S
N
S
N
S
P
h
e
N
S
N
S
N
S
∗
N
S
N
S
N
S
T
h
r
N
S
N
S
N
S
∗
N
S
N
S
N
S
T
rp
∗
N
S
N
S
†
N
S
N
S
N
S
V
al
N
S
∗
N
S
∗∗
∗
N
S
N
S
N
S
N
E
A
A
A
sn
N
S
N
S
N
S
∗∗
∗
N
S
N
S
N
S
S
er
N
S
N
S
N
S
∗∗
∗
N
S
N
S
N
S
G
lu
N
S
N
S
N
S
†
N
S
N
S
N
S
G
ly
N
S
N
S
N
S
N
S
N
S
N
S
N
S
1-
m
et
h
y
lh
is
ti
d
in
e
N
S
N
S
N
S
N
S
N
S
N
S
N
S
A
la
N
S
N
S
N
S
∗
N
S
N
S
∗
T
au
N
S
N
S
N
S
N
S
N
S
N
S
†
T
y
r
N
S
N
S
N
S
∗∗
∗
N
S
N
S
N
S
C
y
s-
C
y
st
in
e
N
S
N
S
N
S
N
S
N
S
N
S
N
S
P
ro
N
S
N
S
N
S
∗
N
S
†
N
S
K
y
n
u
re
n
in
e
†
N
S
N
S
∗
N
S
N
S
N
S
†
0.
05
<
P
<
0.
10
∗
P
<
0.
05
∗∗
∗
P
<
0.
00
1
A
b
b
re
v
ia
ti
on
s:
S
ID
=
st
an
d
ar
d
is
ed
il
ea
l
d
ig
es
ti
b
le
,
S
A
A
=
su
lp
h
u
r
am
in
o
ac
id
,
T
rp
=
tr
y
p
to
p
h
an
,
E
A
A
=
es
se
n
ti
al
am
in
o
ac
id
s,
N
E
A
A
=
n
on
-e
ss
en
ti
al
am
in
o
ac
id
s
286
Chapter 8. Experiment 6
8.1.6 Discussion
Burrin and Stoll (2003) described the changes after weaning as having an “acute”
phase, from days one to six after weaning, and an “adaptive” phase, from days
six to days 12 after weaning. The emphasis of the present study was deliberately
chosen to be the two-week period so as to include both phases. In this respect,
this study was conducted to determine if supplementing diets with Trp and (or)
SAA above recommended levels would improve production performance, indices
of inflammation and indicators of immune system stimulation of weaner pigs when
infected with ETEC (as a model of PWD).
8.1.6.1 Production performance
The present study partially confirmed the hypothesis that provision of Trp and
(or) SAA above recommended levels would improve production as an improved
FCR in response to both increased Trp and SAA in the diet was found. The
effect of SAA (P = 0.028) on FCR was greater than Trp (P = 0.036). When
both SAA and Trp levels were low FCR was the poorest among all treatments
(P =0.092) Supplementation of SAA from 0.52 to 0.60 SID SAA:Lys improved
FCR by 21%, supplementation with Trp from 0.16 to 0.24 improved FCR by 19%,
while supplementation with both improved FCR by 34%. This is in congruence
with previous work by this group (Capozzalo et al., 2014), which found increasing
the SID SAA:Lys ratio in the diet of pigs infected with ETEC linearly improved
FCR for an overall five-week period after weaning, and Capozzalo et al. (2015)
who found that increasing Trp above 0.22 improved FCR in pigs infected with
ETEC. Even though there was a trend towards an interactive effect of feeding
extra SAA and Trp, the data suggest additive effects of feeding more of each
of these amino acids. This suggests that feed additional Trp and SAA provide
beneficial effects during an ETEC challenge through different mechanisms. The
latter is supported by different effects of feeding extra SAA and Trp on various
aspects of the immune response, which will be discussed in further detail below.
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The present study also found a trend for increased ADG in response to
increasing Trp in the diet, which agrees with findings by Trevisi et al. (2009)
who also used a model of ETEC infection with varying levels of Trp:Lys (0.19 vs
0.28). In a commercial study by Capozzalo et al. (2013) using six levels of SID
Trp:Lys ranging from 0.168 to 0.253, pigs fed 0.234 SID Trp:Lys had better ADG
than pigs fed lower levels.
The present study, however, did not find that additional SAA had an
effect on ADG after weaning. A study by Owen et al. (1995) found a linear
relationship between Met:Lys levels (0.22 and 0.34 Met:Lys) and ADG in pigs
between 10 and 31 d of age. Later work by Kim et al. (2012) using grower
pigs using an LPS injection model found that pigs under immune system chal-
lenge required more SAA for protein deposition than the non-immune challenged
counterparts.
8.1.6.2 Incidence of PWD and faecal ETEC shedding
Work by Trevisi et al. (2009) found no effect of Trp on faecal consistency or the
faecal content of ETEC in the first 4 days after an ETEC challenge. Similarly,
the present study found no effect of Trp on the incidence of PWD (based on
faecal consistency score) or shedding of ETEC. However, increasing SAA in the
diet increased shedding of ETEC on d 12 and 14 after weaning. This finding is
difficult to explain and further research into the mechanisms behind this prolong
shedding should be conducted.
Neutrophils play a major role in bacterial infections by release of antimi-
crobial peptides (Zhang et al., 2009) and phagocytosis. Oral challenge models,
such as that used in the present study, have been used to determine if a treatment
(such as diet) can reduce infection or its consequences (Casini et al. 2011). There-
fore it was expected that if incorporating Trp and (or) SAA above recommended
levels in the diet did attenuate the acute-phase of responses to ETEC infection,
neutrophil levels would be lower than in pigs fed diets containing recommended
levels. Only a significant effect of time was found for neutrophil levels and the
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neutrophil: lymphocyte ratio where the adaptive phase (d 14 days after weaning)
had higher levels than the acute (d 5 to 8 days after weaning) or pre-infection
time points. Therefore, the results indicate that neither individual or combined
Trp and Met inclusion at levels higher than recommended had minimal effects of
attenuating the acute-phase response to ETEC infection in terms of white blood
cell proliferation.
8.1.6.3 Acute phase proteins
The complexity of the acute phase response can be confusing as the sensitivities
and kinetics of different APP differ (Heegaard et al. 2011). Skinner (2001)
described that using an acute phase index (a ratio of positive APP to negative
APP) would further benefit interpretation of the acute phase response with a
lower APP index indicating less inflammatory response. Heegaard et al. (2011)
found that the optimal three APP to detect infectious disease in pigs were C-RP,
PigMAP and ApoA1. Despite being commonly used as a measure of herd health
in pigs, Heegaard et al. (2011) recommended that haptoglobin be avoided in
indices as pre-challenge factors (such as age of pigs, health status and sanitary
status) affected haptoglobin levels the most. As albumin was not included in
work involving an APP index, it was also not included in the calculation. Thus
the APP index used in the present study used the optimal combination of three
APP as recommended by Heegaard et al. (2011), namely C-RP, PigMAP and
ApoA1.
C-reactive protein has important roles in protection from infection,
clearance of damaged tissue, preventing autoimmunisation and immune response
regulation (Du Clos and Mold 2004). Pin˜ero et al. (2009) found that PigMAP
increased in response to bacterial and inflammatory challenges and showed less
variation than the more commonly used APP, haptoglobin. The final APP used
in the index was a negative APP, ApoA1, which decreases in concentration under
conditions of inflammation or bacterial infection (Carpintero et al. 2005). The
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present study found that additional supplementation of SAA decreased inflam-
mation (as measured by the APP Index) and that for pigs fed low SAA, Trp
could attenuate the acute phase response in the immediate period after infection
(d 8), but not in the longer term (ie d 14) . This finding suggests that additional
supplementation SAA can attenuate the inflammatory response before the acute
phase response (ie at the cytokine level) while Trp supplementation can reduce
inflammation in the acute phase of infection.
The present study found that regardless of dietary level of SAA, sup-
plementation with Trp decreased plasma levels of C-RP and haptoglobin imme-
diately after challenge with ETEC (Time x Trp interaction P < 0.10). These
results further support the notion that Trp has ability to attenuate the acute-
phase inflammatory response immediately after ETEC challenge.
The other APP measured was albumin, which has been shown to de-
crease under inflammation (Lampreave et al. 1994). Due to the Cys rich com-
position of albumin (Reeds and Jahoor 2001), it was expected that levels would
be maintained in pigs provided with greater SAA. Later work by Heegaard et
al. (2011) using various infection models found that albumin did not change in
response to any infection models (including inflammation induced by turpentine)
other than Actinobacillus pleuropneumoniae (pleuropneumonia). Conversely, Lit-
vak et al. (2013) found that immune system stimulation using LPS injection de-
creased albumin and that pigs fed a low SAA:Lys ratio of 0.35 had higher levels
of albumin than pigs fed above 0.41 SAA:Lys. Work by Kim et al. (2011b) found
a decrease in albumin with injection of LPS, however no effect of SAA:Lys ratio
on albumin was found. In agreement with Kim et al. (2012), the present trial
found no difference in plasma levels of albumin.
8.1.6.4 Cytokines
When catabolised, Met can converted to cysteine and can then be used for synthe-
sis of GSH and taurine. Increasing levels of glutathione and (or) taurine inhibits
IFN-γ. However it is also known that IFN-γ induces activity of IDO, which is an
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enzyme that irreversibly converts Trp to Kyn, of which it (and its metabolites)
have anti-inflammatory properties or effects that would in turn further down-
regulate IFN-γ (Li et al. 2007). The present study found an interaction effect
of time, SAA and Trp level whereby on both days, feeding a high SAA level de-
creased IFN-γ regardless of Trp which is consistent with previous literature. This
also supports the notion the SAA controls the inflammatory response before the
acute phase response.
It was interesting to note in the present study that on d 8, the anti-
inflammatory cytokine IL-10 showed a similar pattern to that of IFN-γ. Signalling
of IL-10 is known to inhibit IFN-γ expression, however at high levels of IFN-γ
relative to IL-10, inhibition is diminished possibly due to intracellular mechanisms
of IL-10 and IFN-γ competing or interacting or both (Moore et al. 2001).
In combination with interleukin-6, IL-1 (which includes IL-1β) is a pri-
mary initiator of the acute phase response and also up-regulates expression of
IFN-γ (Le Floc’h et al. 2004). Therefore as a first responder, it is unsurprising
to find that IL-1β was the only cytokine to be affected on d 5 (during the acute
phase of weaning).
There was an effect of time on TNF-α where levels on d 5 were higher
than levels on d 8, which again supports the notion that there was an inflam-
mation stress on pigs before infection (likely caused by the process of weaning
itself).
8.1.6.5 Utilisation of protein and amino acids
Plasma urea is often used as an indicator of protein (amino acid) utilisation effi-
ciency (Heo et al. 2009; Kim et al. 2011b). Lower PU levels can indicate muscle
protein degradation is decreased or protein synthesis is increased or protein util-
isation efficiency is increased (Shen et al. 2012). The present study found an
effect of time on PU where levels were higher in pigs on d 8 indicating modifica-
tion of protein utilisation and (or) muscle protein degradation caused by infection
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with ETEC. The decrease in PU in response to increased levels of SAA in the
diet found in the present study suggests that weaned piglets suffering from an
ETEC infection most likely require a higher SAA than 0.52 SID SAA:Lys. This
response is likely driven by either better protein utilisation and (or) decreased
muscle protein degradation, which is in partial congruency with the FCR data
previously discussed; in growing pigs improvements in FCR are associated with
improvements in body protein gain and protein utilization efficiency (NRC, 2012).
However it was surprising to find that dietary Trp did not affect PU as previously
reported by Shen et al. (2012), even though FCR was improved at the higher
dietary Trp level. This could be due to feed efficiency improvement in being
caused by feeding behaviour rather than better protein/amino acid utilisation.
The PU levels are higher than reported in studies using a similar model
of ETEC infection (Heo et al. 2008; Kim et al. 2011a), possibly because the diets
were formulated to test “ideal” amino acid levels. It is recommended that Lys
be the first limiting amino acid and that all other amino acids are supplied at
sufficient levels (Boisen 2003). To ensure that pigs were supplied sufficient amino
acid levels, diet formulations were calculated to provide all amino acids (except
Lys, Trp and SAA) above the recommended levels by the National Research
Council (2012). Therefore as these amino acids are in excess they can only be
excreted through deamination, a process that produces urea (Heo et al. 2009).
Plasma levels of amino acids have been used as indicators of alterations
in amino acid metabolism. Increases in plasma amino acids are interpreted as
caused by increased body protein degradation, reduced protein gain, dietary in-
take and(or) synthesis of non-essential amino acids. Conversely, decreases in
plasma amino acids are interpreted as caused increased protein gain and amino
acid catabolism (Melchior et al. 2004). No changes in plasma amino acid levels
can also be interpreted as opposite amino acid pathways (i.e. protein degradation
and amino acid catabolism) functioning at the same rate or no change in amino
acid utilisation (Melchior et al., 2004).
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Plasma levels of Trp, Met and to a lesser extent Kyn showed increases in
response to increasing dietary Trp. The increase in plasma Trp and its metabolite
Kyn was likely due to an increase and utilisation of intake of Trp (associated with
dietary inclusion of Trp). Therefore, at the lower level of dietary Trp, Trp was
limiting (either for growth and (or) inflammatory response), while supplementa-
tion of Trp resulted in increased utilisation. The trend effect found for increased
Trp in the diet to increase its metabolite, Kyn, indicates that Kyn may have been
further metabolised to 3-hydroxy anthranilic acid and (or) 3-hydroxy kynurenine,
which act as free radical scavengers and antioxidants (Le Floc’h and Seve 2007).
However without measurements of these metabolites, this cannot be confirmed.
The increase in plasma Met in response to Trp supplementation was most likely
due to the lower level of Trp not meeting the requirements of the pig resulting in
increased protein degradation and thus increased circulating Met, and suggests
at the lower levels used, Trp was limiting production (protein synthesis) before
SAA.
The present study found that increasing dietary Met increased plasma
Met. The patterns of plasma amino acids in response to increasing levels of
SAA indicate that at the lower level of dietary SAA, Met was limiting, which is
supported by the decrease in other plasma essential amino acids, valine and to
a lesser extent leucine (decreased due to increased protein deposition). Branch-
chain amino acids (valine, leucine and isoleucine) have been shown to play an
important role in immune function (Li et al., 2007). In particular, restriction of
dietary leucine and valine resulted in a decreased level of lymphocyte-mediated
tumour lysis in mice (Jose and Good 1973), which explains why only plasma levels
of valine and leucine were affected. The present study found an increase in most of
the essential amino acids over time (with the exception of Met, Lys, histidine and
leucine) and non-essential amino acids (Kyn decreased, while glycine, 1-methyl
histidine, taurine and Cys remained the same). This indicates that either protein
gain was higher or may have been caused by an increase in feed intake (and thus
amino acid intake) over time.
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8.1.6.6 Conclusions
Dietary supplementation with both Trp SAA improved the FCR of weaner pigs
infected with ETEC, largely in an additive manner, but did not decrease the in-
cidence of PWD. Supplementation with Trp appeared to have a direct influence
on inflammation as measured by APP. Provision of SAA above recommended
levels (by adding Met) had an effect modulating the immune response (in terms
of IFN- γ) and on protein utilisation (measured as PU) under conditions of ex-
perimental infection with ETEC. Therefore, dietary supplementation with Trp
and increasing the SAA content, as Met, would seemingly have beneficial effects
on production performance of pigs and due to complimentary pathways, may
decrease the inflammation and immune response to infection with ETEC.
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9.1 General Discussion
The post-weaning period has been associated with inflammation (Gallois et al.
2009) and proliferation of enterotoxigenic Escherichia coli (ETEC) causing post-
weaning diarrhoea in the gastrointestinal tract of pigs (Fairbrother et al. 2005).
These two factors in combination with other stressors of weaning may predispose
the pigs to immune stimulation and therefore increase the requirements for some
nutrients. In particular it has been demonstrated by numerous authors that the
requirements for Trp (Daubener and MacKenzie 1999; Eder et al. 2001; Moffett
and Namboodiri 2003; Le Floc’h et al. 2004; Melchior et al. 2005; Le Floc’h
and Seve 2007; Le Floc’h et al. 2009; Trevisi et al. 2009; de Ridder et al.
2012) and SAA (Grimble et al. 1992; Grimble and Grimble 1998; Malmezat et
al. 1998; Malmezat et al. 2000; Obled et al. 2004; Wu et al. 2004; Grimble
2006; Rakhshandeh et al. 2007; Masella and Mazza 2009; Rakhshandeh et al.
2010; Kim et al. 2011; Kim et al. 2012a; Kim et al. 2012b; Litvak et al. 2013a;
Litvak et al. 2013b; Rakhshandeh et al. 2014; Tang et al. 2014) are increased
under conditions of immune system stimulation and inflammation. For these
reasons, the current recommendations by the National Research Council (2012)
may underestimate the requirements for these essential amino acids for pigs in
the post-weaning period and therefore would be undersupplied in the diet.
The series of experiments conducted in this thesis tested the general hy-
potheses that supplementing diets with additional Trp and Met will improve pro-
duction performance, markers of inflammation, aspects of the immune response
and protein utilisation of weaner pigs, particularly under conditions of infection
with ETEC and in the absence of in-feed antimicrobial compounds (AMC). In
general, the data from the experiments supported the hypothesis and new recom-
mendations for Trp and SAA levels in the diet of weaner pigs were established.
The first experiment (Chapter 3) evaluated the effects of increasing Trp
with and without AMC in the diets and with or without infection with ETEC on
production performance, plasma amino acid levels and markers of inflammation.
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Furthermore, a subset of focus pigs was selected for euthanasia in an attempt to
elucidate possible mechanisms behind the beneficial effect additional Trp supple-
mentation had on improved production. However, the design of this experiment
had, in my opinion, two major weaknesses. The first weakness was that the strain
of ETEC used in the experimental model was not susceptible to the antibiotic
used in the AMC treatments. The second weakness was that there were only
three titrations of SID Trp:Lys and therefore a dose response curve could not be
fitted and, therefore, an optimum ratio could not be derived.
Nevertheless, Experiment 1A found an improved feed conversion ratio
(FCR) in pigs not supplied with AMC and fed 0.24 SID Trp:Lys compared to
pigs fed lower ratios, regardless of infection with ETEC (P = 0.021). Pigs fed
higher levels of Trp also increased their plasma levels of Trp and its metabolite
kynurenine (Kyn) (P < 0.001). Furthermore, Experiment 1B found that amino
peptidase N activity was decreased with additional supplementation of Trp (P
= 0.008) and that intestinal alkaline phosphatase (IAP) expression in the small
intestine was increased with either supplementation of Trp (P =0.022) or inclusion
of AMC in the diet (P =0.022). The results of these findings partially supported
the hypothesis that pigs would respond to an increased Trp level in the diet in
terms of production and this may be due to improved gut integrity (as indicated
by IAP expression).
Experiment 2 (Chapter 4) was conducted to validate the findings from
Experiment 1 (Chapter 3) in a commercial setting and used increasing levels of
dietary SID Trp:Lys to determine an optimum level for production performance.
The production performance results however did not fit any dose-response model,
but nevertheless, a ratio of 0.234 was found to produce pigs with the highest ADG
and lowest FCR (P < 0.05). These findings were consistent with Experiment 1
as it again demonstrated that the optimum SID Trp:Lys was above the National
Research Council’s (2012) (NRC) recommended level of 0.16 for pigs weighing
5-7 and 7-11 kg, respectively.
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The design of Experiment 3 (Chapter 5) took lessons learned from Ex-
periment 1 and instead of using only three levels of the target amino acid, used six
levels of SID SAA:Lys so that the probability that dose-response curve could be
fitted to the data and an optimum ratio derived, and also used an antibiotic that
the strain of ETEC used for experimental infection was susceptible to. Similar to
Experiment 1, Experiment 3 also had a subset (Part B) of focus pigs selected from
the extreme SID SAA:Lys levels and with or without inclusion of AMC to explore
possible mechanisms behind any beneficial effects on production, inflammation
or immune status found in Part A. However, pigs in the second replicate for both
Part A and B were not able to be used due to differences in analyzed diet content
between replicates and infection with salmonella in the second replicate, which
halved the sample size and decreased the statistical power between treatments.
No statistically significant differences as a result of varying SAA level
in the diet were found for production traits in Experiment 3A, however in Ex-
periment 3B there was a decrease in feed intake for pigs fed 0.70 SID SAA:Lys
compared to pigs fed 0.50 SID SAA:Lys (P = 0.038). Plasma levels of taurine
(a measure of irreversible SAA loss) in pigs fed 0.61 SID SAA:Lys and above
showed increased plasma levels over time, whereas pigs fed 0.55 SID SAA:Lys
or below had their plasma levels of taurine return to day 4 levels on day 19 in
Experiment 3A (P = 0.002). Furthermore, at 0.70 SID SAA:Lys, may reduce
the anti-oxidant capacity in the gut of weaner pigs (as measured by expression
of glutathione redox enzymes)(P =0.077).
Experiment 4 (Chapter 6) was designed to determine the optimum SID
SAA:Lys ratio in terms of production performance, inflammation, immune sta-
tus and amino acid utilisation in pigs not supplied with AMC and infected with
ETEC. This statistical design used a negative control without infection with
ETEC and the National Research Council (2012) recommended level of SID
SAA:Lys (0.55). However, the onset of edema disease affecting all pigs includ-
ing those in the negative control meant that this group of pigs had to be com-
bined with the experimentally infected treatment group fed the same level of SID
SAA:Lys. Nevertheless and overall, clear optima of 0.71 and 0.63 and 0.68 SID
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SAA:Lys were found for daily gain, feed intake and FCR respectively in the five-
week period after weaning, based on quadratic broken line analysis (P < 0.05).
Furthermore, plasma urea (an indicator of post-absorptive protein/amino acid
utilisation) decreased with increased SID SAA:Lys (P = 0.029). The results from
Experiment 4 therefore found that for optimum performance, supplying a SID
SAA:Lys level above the National Research Council (2012) recommended level of
0.55 was necessary.
The aim of Experiment 5 (similar to Experiment 2) was to determine the
optimum SID SAA:Lys of weaner pigs housed in commercial setting. Experiment
5 found that in the first week after weaning pigs responded to increased SID
SAA:Lys with an optimum of 0.61 for 95% of optimum daily gain (P =0.030).
These two Trp-based experiments showed a clear benefit increasing Trp
above the NRC (2012) recommended level of 0.16 SID Trp:Lys on production per-
formance in the immediate post-weaning period. However an optimum level de-
rived from break-point analysis could not be determined from these experiments
warranting further work to estimate the requirement and determine optimal SID
Trp:Lys for best production performance. However, there was no evidence to
support the hypothesis that Trp supplementation would reduce inflammation de-
spite reports that Trp, its catabolism and metabolites have anti-inflammatory
properties (Le Floc’h and Seve 2007). This lack of congruency with previous lit-
erature suggests that either the model of immune stress (experimental infection
with ETEC) and the particular sanitary conditions in the commercial facility
used in Experiment 2 were not sufficient produce a significant immune response,
or that the measurements used were not sensitive enough to detect differences.
The SAA experiments found a clear beneficial effect of increasing SID
SAA:Lys on production performance in the immediate post-weaning period above
the NRC (2012) recommended level of 0.55 and 0.56 SID SAA:Lys for 5-7 and
7-11 kg pigs, respectively. There was however, a lack of congruency as to the
“optimum” SID SAA:Lys ratio between experiments conducted as a part of this
thesis. Some of this variation may be a result of different levels of immune system
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stimulation. For example, compared to pigs in Experiment 4 (F4 and F18 E. coli
the immune system stimulation will likely lower than in Experiment 3 (only F4
E. coli) and Experiment 5 (commercial conditions) thus requirements for SAA
would differ. Nevertheless, these data indicate, similarly to Trp data) that there
is a need for further study into the requirement of weaner pigs for SAA.
Similar to Trp, the SAA focused experiments did not find an effect on
the indicators of inflammation and immune system stimulation measured such
as acute phase proteins. This is in contrast to literature that clearly describe
the interrelationship between SAA and immune function (Grimble and Grimble
1998). This further supported the notion that either the immune system chal-
lenges used in Experiment 3 and 5 were not sufficient to stimulate an immune
response or that the measures taken for inflammation and immune stimulation
were not detecting differences (ie wrong analytes or timing of sampling).
The final and sixth experiment (Chapter 8) aimed to determine if the
beneficial effects of Trp and SAA could be additive and to use an acute phase
protein (APP) index, a more robust indicator of inflammation than a single acute
phase protein, to determine if there was any beneficial effects on inflammation
from supplementation with these amino acids. Experiment 6 found that both Trp
and SAA improved FCR. Furthermore, higher levels of SAA decreased inflam-
mation (as measured by APP Index) during the acute and adaptive phase after
infection with E. coli while Trp was only effective in reducing inflammation in
the acute phase. This is likely due to the capacity for increased SAA to decrease
pro-inflammatory cytokine interferon-gamma. These data indicate that SAA and
Trp benefit inflammation and immune function in different and complimentary
mechanisms, but both yield a more efficient pig in the immediate post-weaning
period.
The implications of Experiment 6 indicated that an APP index is a
better indicator of inflammation compared to single APP and should be utilised
when attempting to determine differences in the inflammatory status. As such
the single measures of APP used in the previous experiments were probably not
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sensitive enough to detect changes in the inflammatory response in response to
additional supplementation of Trp and SAA, if there were any.
The ETEC challenge used in Experiments 1, 3, 4 and 6 were used to
model PWD and induce immune system stimulation. The responses, both im-
munological and nutritional were inconsistent between and within the experi-
ments conducted within this thesis. The methods known to reduce variability
in the ETEC model were discussed in the literature review. To provide some
context, chronologically, the experiments are conduced as experiment 1, 3, 2,
4, 5 and finally 6. In the first two experiments conducted (Exp 1 and 3) the
pigs were sourced commercially and it was not feasible (due to quarantine and
time restrictions) to conduct genetic screening for F4 receptors (susceptibility
to ETEC). However, in order to reduce variability it was asked that piglet sup-
pliers provide piglets without previous record of scours, ill-health and were a
healthy weaning weight (5.0-7.5kg). Genetic screening and allocation of piglets
to treatments according to results was conducted in Experiment 4 and as I result
(I believe) the results from this experiment were very conclusive and showed a
clear immunologcal and performance response to SAA as predicted. The next
experiment I conducted using an ETEC-challenge model was Experiment 6. As
I could not genetically test the piglets for F4 susceptibility, I reduced the treat-
ments groups (in order to increase sample size) and aimed to discern susceptibility
based on clinical expression of PWD and (and correct for this statistically). How-
ever, the blood measures of immune and inflamamtory stress did not appear to
be affected by clinical expression by PWD. The variability in response to ETEC
infection indicated that there is a significant room for improvement in fine-tuning
this model, however where possible genetic screening takes some variability out
of the model (as demonstrated in Exp 4 vs 1, 3 and 6).
There was also large variability in the immunological markers and nu-
tritional response to treatments both within in and between experiments. For
example, C-RP levels differed from around 1 mg/mL in Experiment 6 to 16
mg/mL in Experiment 5. This may have been caused by different facilities (i.e.
three different facilities were used to conduct experiments within this thesis) and
309
Chapter 9. General Discussion
as such, may have resulted in different amount and types of stressors. For ex-
ample, the intensive pig experiments pigs were housed individually, while for the
commercial experiments pigs were housed in groups but in (likely) less hygenic
conditions. Furthermore, the source of piglets varied between trials as well as
seasonal differences. As for the variability within experiments, it would likely be
due to within animal varaibility. For example, we know that subclinical disease
may not show physical effects, but the markers of inflammation may be high.
Furthermore, I think that refinement of the protocol to time sampling points
accurately is important. For example, in Chapter 3 I sampled blood on d 3, 11
and 19 which were -1, +6, +14 days relative to infection. Looking at the APP
kinetics from Heegard et al (2011) it is clear that the timing of these sampling
could easily miss inflammatory responses to the ETEC infection model. For ex-
ample, Heegaard et al (2011) used a turpentine injection induce an inflammatory
respose, and as a result haptoglobin increased and it returned to pre-stress levels
by d 6 after the stressor. Therefore, I would suggest to ensure the protocol targets
the specific response both in choice or marker but also the timing and kinetics of
the markers.
I feel that the strengths of my thesis are that:
1. The experiments clearly demonstrated a positive response in production
performance to supplying Trp and SAA above the recommended levels by
the NRC (2012).
2. The use of an APP Index as opposed to single measures of APP was clearly
better in determining differences in inflammatory states.
Comparatively, the weaknesses of my thesis are as follows:
1. The experimental enterotoxigenic E. coli model was inconsistent in inducing
PWD, or subclinical inflammation
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2. Commercial research facilities prevented me from formulating (and test-
ing) diets that contained no AMC, therefore estimations of Trp and SAA
requirement in weaner pigs not supplied AMC could not be determined.
Future research that I consider to be important, based on the findings of my
thesis, are as follows:
1. Dose-response studies conducted in a commercial facility to determine the
optimum level of Trp and SAA in the diet for maximum production in
weaner pigs without the use of in-feed AMC such as ZnO.
2. Investigations as to why at higher levels of SAA, faecal shedding of ETEC
was prolonged (as observed in Experiment 3A and Experiment 6).
3. Establishment of irreversible Trp and SAA loss, nitrogen balance and par-
titioning of nutrient digestibility under conditions of immune stress.
4. Establishment of new recommendations for SAA and Trp in the diet of
weaner pigs under immune system stimulation and in the absence of AMC
in the diet.
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